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ABSTRACT
Part A
The first part of the work was focused on synthesis of the metal hydride using the
electric discharge assisted mechanical milling (EDAMM). EDAMM is a new method
used to synthesis metal hydride that was developed at university of Wollongong by
A/Prof. Andrzej Calka. The reaction of metal and hydrogen to form metal hydride was
observed. Different parameters were used to synthesis metal hydride. A variety of
samples such as: Ti, Zr, W, Al, Mg, Fe, V, Nb were prepared and processed by the
EDAMM method under hydrogen environment. After EDAMM processing, the phases
present were analyzed by X-ray diffraction (XRD) and carbon, hydrogen, nitrogen
(CHN) analysis was used to determine hydrogen content.
Zirconium hydride (ZrH1.8) was formed from the reaction of zirconium and hydrogen
using this technique containing 1.24 wt%H. Vanadium formed new phase using this
method with 0.23 wt%H. This phase could be metal hydride but because of lack of
database in the traces software, the new phase could not be determined. For Fe, Ti and
Nb there was shifting of peaks in XRD patterns suggesting the formation of solid
solution after milling in hydrogen atmosphere. These elements contained 0.23 wt%,
0.31 wt% and 0.29 wt% of hydrogen respectively. The XRD patterns of W, Al and Mg
XRDs showed no reaction, possibly due to the low decomposition temperature of Al
and Mg metal hydride, and very high temperature decomposition for W above the spark
milling temperature. This study was able to show that the EDAMM technique is
suitable to synthesis metal hydrides that have high decomposition temperatures.

Part B.
The second phase of the work dealt with hydrogen permeation studies in X70 pipeline
steels using the electrochemical method developed by Devanathan and Stachurski.
Samples from centreline and edge regions of hot rolled strips of standard (1.1 wt. %
Mn) and medium Mn (0.5 wt. % Mn) X70 steel as well as normalized X70 transfer bar
were examined. The effect of increasing grain size on the diffusion of hydrogen in X70
steel was also investigated. The diffusivity of hydrogen was correlated to the grain size,
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dislocations, microstructure and inclusions/precipitates present in the X70 pipeline steel
samples.
The average grain size of the microstructure plays an important role in the diffusion
process. The variation in diffusion coefficient with grain size showed a maximum value
for a grain size of 46 µm. At grain sizes lower than this value, there was increased
trapping at nodes and triple junctions whereas at higher grain sizes, there was a
reduction in diffusion due a reduction in grain boundary surface area per unit volume.
For the X70 steel, the microstructure of the normalized transfer bar containing
dislocation-free, coarse equiaxed ferrite grains was the least effective in trapping
hydrogen and therefore exhibited the highest hydrogen diffusion coefficient. On the
other hand, the hot rolled standard Mn strip having finer elongated grains and a larger
amount of strain in the material than the normalized transfer bar displayed the lowest
diffusivity. The as received transfer bar samples which had bainitic microstructures
showed intermediate values of diffusivity.
The hot rolled medium Mn strip displayed the diffusion coefficients lower than that of
the standard Mn strip, due to the contribution to trapping from a finer grain size as well
as higher area fraction of carbo-nitride precipitates and inclusions compared to the X70
strip. Moreover, the medium Mn strip exhibited a uniform microstructure and
consequently similar diffusion coefficients for the edge and centerline regions. On the
other hand, the finer grains of the edge region of the X70 strip resulted in a lower
diffusion coefficient.
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INTRODUCTION
1.1

Introduction

The purpose of the Part A of this thesis research is to determine if Spark Milling can
induce metal hydrogen solubility or metal hydride phase formation. By doing this, a
better understanding of the solid-hydrogen interactions during Spark Mill can be
achieved.
Metal – hydrogen interactions have been studied by number of years. Over this time the
effect of presence of hydrogen in metal structure was associated with negative effect
which is hydrogen induced brittleness of metals and steels. In recent time hydrogenation
of metals is mainly associated with metal hydride hydrogen storage properties. Modern
society has become increasingly focussed on development of new rapid and
environmentally friendly synthesis methods of metal-hydrides.
Spark Milling has been demonstrated as an effective tool for inducing rapid reaction
rates in solid-solid systems and solid-gas systems. Control over degree of reaction and
particle morphology has also been demonstrated. Work conducted so far has
demonstrated synthesis reactions from elemental powders with nitrogen. With this in
mind, it is possible that other gas-solid reactions can be induced such as the
hydrogenation of metals.
This research project uses XRD to examine the chemical phase changes induced by
Spark Milling of selected metals in hydrogen. The carbon, hydrogen and nitrogen
(CHN) analysis was used to determine amount of hydrogen in metals. Selected samples
were subjected to differential thermal analysis (DTA) annealing for more detailed heat
induced phase transformations.
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Part B of this thesis deals with hydrogen permeability studies on X70 pipeline steels.
X70 pipeline steels are widely used to transport natural gas. The life services of the
pipeline steels are affected not only by the fluid or gas which they transfer, but also by
the environmental conditions under which they operate. One of the main reasons for the
decrease in mechanical properties of steels is the exposure to hydrogen. For example, on
exposure to a sour environment, the steel surface corrodes producing hydrogen at the
surface. This hydrogen can be absorbed in the steel which can then start diffusing to
regions of stress concentration impairing ductility and promoting brittle behaviour. This
is known as hydrogen embrittlement.
The diffusion of hydrogen through the metal is an important step in the process of this
embrittlement. Therefore, it is very important to determine the diffusion of hydrogen in
pipeline steels in order to predict their mechanical properties and in-service bahaviour.
The diffusion of hydrogen in steels is effected by the microstructure of the steel as well
as other microstructural features such as grain boundaries, lattice defects like
dislocations, non-metallic inclusions and precipitate particles. These features can reduce
the mobility of hydrogen by acting as traps. However, when the accumulation of
hydrogen trapped in the steel exceeds the value required for crack initiation, steel can
undergo hydrogen induces cracking (HIC) [1].
The pipeline steels are produced by thermo-mechanically controlled processes
(TMCP). TMCP can result in a range of microstructures and depending on the actual
process conditions, the grains size, volume fraction of inclusions and dislocation density
can be different. These factors can affect the trapping of hydrogen and consequently the
diffusion of hydrogen through the steel and in turn the hydrogen embrittlement of the
steel pipeline.
The experimental technique commonly used to determine the permeability of hydrogen
in steels is the Devanathan and Stachurski [2] method. This technique was used in this
study to determine the diffusion coefficient and solubility of hydrogen through the steel
and correlate it to the microstructural features in the samples.
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1.2

Thesis aims and objectives

The aim of the Part A of the study is to investigate phase changes and other phenomena
induced during Spark Milling of Fe, Zr, Nb, V, W, Mg, Al and to quantitatively
characterise the impact o Spark Milling parameters.
The specific objectives of this part are;
•

To induce hydrogen into metal.

•

To quantify the impact of variation of Spark Milling settings such as milling
duration, electrical pulse duration, current intensity and vibration amplitude.

•

To identify the product phases of Spark Milling using X-Ray powder diffraction
(XRD).

•

To determine the amount of hydrogen in metal samples after milling.

The aim of the Part B is to study the conduct hydrogen permeation sudies on X70
pipeline steels by Devanathan and Stachurski [2] technique and correlate it to the
micostructure and grain size of the steel. The specific objectives are:
•

To study the effect of grain size on hydrogen permeation

•

To determine the diffusion coefficient of hydrogen in X70 pipeline steels with
different compositions, i.e., X70 steels containing standard (1.1 wt. % Mn) and
medium Mn (0.5 wt. % Mn) levels.

•

To determine the effect of centerline segregation by studying the permeability of
samples taken from the edge and centerline regions of the strips and transfer bar.

•

1.3

To determine the effect of microstructure on the permeability of pipeline steel.

Methodology

To achieve the aims of this study the following methodologies were adopted.
1.3.1 Hydrogenation of metals
•

Confirm chemical phases present in starting powder mixtures using XRD

3

•

Conduct preliminary work by trial and error to determine Spark Mill settings
suitable for inducing the desired chemical reactions. XRD is to be used to assess
the chemical phases present in the products of Spark Milling trials

•

Determine chemical phases present in the products of Spark Milling using XRD

•

Characterise selected products using CHN and DTA

1.3.2 Permeation studies on X70 pipeline steels
•

Characterize the optical microstructures and determine the hardness of the
different samples investigated

•

Produce different grain sizes and measure the grain size

•

Obtain permeation curves using the technique given by Devanathan and
Stachurski [2]

•

Analyse the permeation curves to determine the diffusion coefficients, solubility
and trap density

•

1.4

Correlate the diffusion data to the microstructure of the samples

Outline of the thesis

This thesis consists of two parts: Part A studies the phase changes and other phenomena
induced during Spark Milling and Part B investigates hydrogen permeation studies in
pipeline steels. Chapter 2 reviews the literature on these two topics and Chapter 3
details the experimental methods employed in this study. Key experimental results and
their discussion of the two areas of study are presented in Chapters 4 and 5. The
important conclusions are listed in Chapter 6 followed by recommendations for further
work in Chapter 7.
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2

LITERATURE REVIEW & THEORETICAL
BACKGROUND

2.1

Introduction

This literature review provides an overview of the concepts required for an
understanding of the work undertaken in this thesis. This includes a review of topics
relevant to Part A and comprises of mechanical milling and plasma processing of
materials, followed by a review of Spark Milling and its key process variables, which
combines these two techniques. This is followed by literature pertinent to Part B, i.e.,
permeability studies in pipe steels.

2.2

Mechanical milling

Mechanical milling is carried out by various devices such as ball, attritor, vibrational,
universal and planetary mills. These mills can employ impact or shear fracture modes or
a combination of both. This process provides energy to the material being milled. The
obvious use of this energy is fracture and creation of new surfaces such as in grinding
and crushing. Also of interest is the conversion of this energy, to crystal lattice defects
such as dislocations and the generation of heat due to friction. Manipulation of milling
parameters to control these physical changes can induce competing processes of plastic
deformation and dynamic recovery of the milled material in a manner which produces
nano-crystalline particles. This is due to the creation of randomly orientated, high angle
grain boundaries within the larger polycrystals [3]. In addition to milling parameters,
the properties of the material being milled are key determinants in the fracture mode and
final particle crystal size and morphology.
Initial particle size is critical. Larger particles require less milling energy to facilitate the
equivalent size reduction than for smaller particles. This is understood in terms of the
5

Griffith theory of brittle fracture [4]. Internal flaws must be of a critical length to initiate
fracture. Larger particles are weaker as they are more likely to contain a flaw of critical
length [5].
Melting temperature affects the final crystal and particle size. It has been shown that a
smaller final grain size is obtained for particles with higher melting points [6]. This is
more accurately attributed to the temperature at which recovery processes are initiated.
Recovery is initiated above approximately one third of a metals melting temperature [7].
Recovery works to remove crystal defects such as dislocations and low angle grain
boundaries. These defects can become high angle grain boundaries with further
deformation [6]. Therefore recovery is more likely to work against grain boundary
formation in low melting point materials which will therefore produce a larger crystal
size. For example, aluminium with a melting point of 660 ºC can attain a minimum
crystal size of 22 nm whilst iridium, with a higher melting point of 2446 ºC can attain a
smaller crystal size of 6 nm [3]. Crystal structure, alloy purity and microstructural
features such as second phase particles all contribute to the final crystal size.
Contamination of powders must be considered during mechanical milling. The sources
of contamination in a mill are grinding media, the inside surface of the mill housing as
well as any gases within the mill.
2.2.1 High energy ball milling
High energy ball milling transfers a greater amount of kinetic energy to the milled
material. Figure 2.1 demonstrates how impact energy in a ball mill is controlled by
using magnetic grinding media in conjunction with magnets [8]. During high energy
ball milling there are high temperature excursions at a local level when powder particles
become trapped between colliding grinding media. The extent of temperature change
depends on the milling parameters as well as the powder being processed. Due to the
dynamic nature of ball milling, the local temperature increase cannot be directly
measured [9]. Suryanayana [10] reviewed work carried out by several authors who
observed temperature dependent phase changes to indirectly determine these localised
temperatures. Results ranged from as low as 50 ºC to as high as 746 ºC. This thermal
energy, combined with other phenomena occurring during milling is able to induce
mechanical alloying of metal powders. The mechanism attributed to mechanical
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alloying is repeated welding, fracturing and re-welding of solid powders, leading to
alloyed powders with a homogenous composition [10].

Figure 2.1: Using magnets to influence fracture mode during ball milling [8].
2.2.2 Reactive ball milling
High energy ball milling has been extended to activation of chemical reactions. This is
termed reactive milling or mechanochemical synthesis [9]. A range of compounds have
been synthesised from their elemental powders such as oxides, nitrides, chalcogenides
and semi-metals [11]. Reactive ball milling is unique to other solid state processes as
reactions which normally require elevated temperatures can be activated at room
temperature. Reactions can occur at room temperature during reactive milling since
energy is accumulated as strain defects [12]. Defects are introduced in the crystal
structure as point and line defects, as well as by a reduction in grain size. As a result of
these defects, the diffusion pathway is shortened from bulk diffusion to short circuit
diffusion ultimately reducing the activation energy for the chemical reaction. The
activation energy for reduction of cuprous oxide by metallic iron can be reduced from
575 kJ/mol to 199 kJ/mol by ball milling [13]. Figure 2.2 demonstrates lowering of the
activation energy during reactive ball milling.
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Figure 2.2: Reaction milling reduces activation energy of chemical reactions

2.3

Plasma activation processes

2.3.1 Plasma
Plasma is a gas of high energy content sufficient enough to induce ionization. As a
result of this ionization, the plasma can conduct electricity and is affected by
electromagnetic forces. An ionized species has at least one electron free to move which
is not bound to a particular atom or molecule. Despite containing free charges, plasma is
overall electrically neutral [14]. Although plasmas usually take the form of neutral, gaslike clouds, they are also manifested as ion-beams and dusty plasmas, which are
plasmas containing charged nano-sized or micro-sized particles [7]. Plasmas are
typically formed when a gas is heated to a high enough temperature to strip one or more
of its electrons. This creates positive and negative particles which are free to move
independently of each other within the plasma. Some familiar plasma includes the
electric arc in an arc welder, the gas inside a fluorescent light globe, lightning, the sun,
the stars and the polar aurora. Plasmas can be classified into two groups. Thermal or
equilibrium plasmas, which are commonly called “hot” plasmas and non-thermal or
non-equilibrium plasmas which are commonly called “cold” plasmas [14].
Ionisation in cold plasma is initiated by electrons with high kinetic energies rupturing
molecular bonds whilst hot plasma is initiated by supplying thermal energy to gas
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molecules. In a transferred arc plasma device anode material can be Joule heated with
high energy efficiency.
2.3.2 Dusty plasma
Small solid particles, which possess a surface charge, can also be part of a cold or nonequilibrium plasma. When these particles are on the nano or micro scale this is termed
dusty plasma. Industrial plasma and plasma in space is usually dusty plasma. Within the
plasma, dust may form crystals, clusters or clouds. This is contrary to accepted physics
that indicates these solids should possess a net negative charge and repel each other
[15]. This particle attraction can be explained by considering two large negative
particles forming a stable complex by collecting a cloud of positive charges between
them. Secondary electrons can also be released if particles are energetic enough, which
would make the particle surface positive [15]. Whatever the mechanism of attraction,
there are opportunities for a range of particle collisions within dusty plasma to occur
such as solid-solid, solid-ion, solid-electron, solid-gas, ion-ion, ion-electron, ion-gas,
gas-electron and electron-electron interactions. This provides the opportunity for a
range of alternative reaction pathways at potentially lower activation energies. Possible
mechanism of dusty plasma is shown in Figure 2.3.

Figure 2.3: Schematic representation of "dusty plasma" developed during
EDAMM.
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2.3.3 Metal hydrogenation in a plasma environment
The plasma environment is suitable for metal hydrogenation. The high temperatures
available in plasma force, together with free radicals of hydrogen are favourable to the
formation of the metal hydride. The temperature in the plasma chamber could fulfil the
energy activation required for a specific metal hydride. Since the temperatures to meet
the energy required to activate the metal hydride is attained, hydride formation can
occur at temperatures below the decomposition temperature. However, if the
temperature attained in the process is above the decomposition temperature of the
hydride, its formation will not occur because the metal hydride, even if formed, will
decompose when the temperature above the decomposition temperature. The reverse
occurs when the temperature is much lower below the decomposition temperature. Then
also the metal hydride will not be formed because sufficient energy is not available to
active the reaction between the metal and the hydrogen. In addition, the mono atomic
hydrogen in the plasma chamber is more reactive to form metal hydride rather than
diatomic hydrogen [16].

2.4

Electrical discharge assisted mechanical milling

Spark Milling brings together the features of mechanical milling and transferred plasma
arc discharge processing. This includes plastic deformation, fracture, size reduction,
increased chemical reactivity, ionization and high localised temperatures. This
technique was first published in 2002 and is illustrated in Figure 2.4 [16]. The
mechanical milling action operates in impact mode and is facilitated by repeated
impacts of a stainless steel rod end on powder particles contained in a hemispherical
container. Concurrently, the powder and mill atmosphere is subjected to pulsed arc
discharges extending from the tip of the rod, through the ionized milling atmosphere
and powder before terminating at the vibrating mill base [17]. The reactor components
are housed within a Perspex tube and the mill has gas facilities. The power supply
generates radio frequency impulses in the kV/mA range [17].
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(a)

(b)

Figure 2.4: (a) Schematic overview of the Spark Mill (b) magnified view of
the rod tip detail demonstrating the transferred plasma arc discharge [14].
2.4.1 Milling parameters
The mill has a variety of settings which can influence chemical and physical processes
taking place within the plasma arc. These include rod vibration amplitude, milling time,
pressure, current intensity and pulse duration. Vibration amplitude, milling duration and
power have been studied in previous work to evaluate their role in product chemistry
and morphology.
Larger vibrational amplitudes increase the gap between rod tip and base. This increases
the arc length, arc duration and energy input into the powder [18]. Higher energy
processes are promoted by milling with larger vibrational amplitudes. At low
amplitudes and power, increased fracture and size reduction are observed when the
vibrational amplitude is increased. If amplitude is increased further a critical point is
reached where partial melting, sintering and agglomeration occur and particle size
increases. Increasing the vibrational amplitude above this critical point will increase
agglomeration and produce large particles. This behaviour was observed with alumina
(Al2O3) powder where size reduction reached a peak with amplitude of 0.6 mm. Above
this amplitude, agglomeration and recrystallisation was observed. Observations are the
same for metallic powders [18]. Large vibrational amplitudes are therefore believed to
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promote high energy phenomena, whilst fracture and size reduction without subsequent
agglomeration are achieved at low vibrational amplitudes. Also large vibration
amplitudes promote metal gas reactions. In Figure 2.5 large nitrogen intake takes place
during spark milling of TiC and ZrC in nitrogen.

Figure 2.5: Wt. % of nitrogen in TiC (solid line) and ZrC (dashed line)
during milling for 10 min with variable gap between electrodes [19].
Studies focussed on milling duration have had predictable outcomes. During high
energy processing (large vibrational amplitude), increased agglomeration is observed
with increased milling duration. Chemical reactions also proceed further.
The current and power also can affect powder morphology. In one study, magnetite
(Fe3O4) nanorods could be synthesised by reducing hematite (Fe2O3) at low currents.
When the current was increased nanorods tended to lengthen and join. Above 200 mA,
the magnetite particles developed larger nanosized spheres [20]. In another study where
LiFePO4 was synthesised, large irregular and spherical powder particles were produced
by milling at high currents. When a lower current was used in conjunction with a higher
vibration frequency, a fine cotton-wool like morphology was produced [21]. SEM
images of these microstructures are shown in Figure 2.6. These studies show that lower
currents promote formation of finer powder morphologies.
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(a)

(b)

Figure 2.6: (a) SEM image of LiFePO4 produced by high energy arc
discharge for 10 minutes (b) SEM image of LiFePO4 produced by low
energy arc discharge for 10 minutes [22].
In addition to product powder morphology, Spark Mill current and power settings may
also influence the rate and extent of reaction.
All the variables and their impacts are not yet fully understood and no previous work
has been published which characterises the impact of variation in the Spark Mill’s
electrical pulse duration. It is clear however, that Spark Mill settings are critical, product
morphology is controllable and that powder morphologies might be ‘made to order’
during synthesis, once a complete understanding of variables is obtained [21].
2.4.2 Applications of electrical discharge assisted mechanical milling
Electric discharges during Spark Milling induce high chemical reactivity between
powder particles. The formation of a plasma environment results in enhanced reactivity
due to the formation and acceleration of ions and bombardment (implantation and
penetration) of ions onto powder particle surfaces. This may induce channel formation
on the powder surface and increase surface area, improving the rate of diffusional
processes and reaction rates [17]. Localised extremes of temperature may be
experienced via Joule heating, when the arc is conducted through the powder [21].
Sufficient heat may occur along these channels to induce localised melting, vaporisation
and thermal stresses and facilitate rapid fracturing as shown by Figure 2.7 [5]. In
addition to these effects, powder particles are constantly submitted to deformation and
fracture by impact of the vibrating electrode. This is analogous to ball milling [20]. It
has been established that the presence of the arc discharge during EDAMM results in
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orders of magnitude increase in reaction rates when compared to mechanical milling
without discharge [20]. Rapid heating and cooling rates are apparent during EDAMM
which lead to metastable chemical phases and morphologies [20]. This is consistent
with observations of in-flight plasma reduction.

Figure 2.7: Illustration of electrical discharge inducing particle fracture [21].
The unique Spark Milling environment lends itself to a variety of potential applications.
Rapid synthesis reactions have already been facilitated by this technique to produce
borides [23], sulphides [24], electro active orthophosphates [21] and nitrides [25].
Reduction of hematite (Fe2O3) to its sub-oxides (Fe3O4 and FeO) has also been
demonstrated [26]. Metastable alloying reactions have also been successful such as the
metastable eutectic Mg7Zn3 [18]. These reactions are made more attractive by the ability
to control morphology, particularly the production of very fine nanocrystals and
amorphous structures [20].

2.5

Hydrogenation in metals

2.5.1 Formation of metal hydrides
The hydride formation processes occurs in a number of steps: adsorption, hydrogen
disassociation, chemisorptions, bulk diffusion and hydride formation. The mechanism
of hydrogen entry and its penetration into the metal will be discussed in detail in a later
Section 2.6.4. The difference in this case, is that following the penetration of hydrogen
into the bulk of the metal by diffusion, the process involves hydride formation. The
hydride phase is formed since the hydrogen concentration exceeds the saturation
concentration in the metal [27].
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For elements in subgroups III, IV and V and palladium in group VIII, initial regions of
solid solubilities can be exceeded at quite low pressures by transformations to
crystallographically distinct hydride phases.
Transition Metals from subgroups VI and VII, exhibit only very low solubilities of
hydrogen at pressures up to one atmosphere over a wide range of temperatures. Further
studies up to 30-60 kbar have provided evidence for the formation by nickel at pressures
of ~ 6000 bars of an analogous phase to the β-phase hydride of palladium and also for
formations of hydride phases at higher pressures by rhodium, manganese, chromium
and iron. No evidence for hydride formation was found in the cases of the platinum
[28].
2.5.2 Synthesis methods of metal hydride
2.5.2.1 High Pressure Synthesis
By application of high pressure up to 50 atm and temperature at 700 ° C a number of
metal hydrides can synthesized. Tables 2.1-2.3 show a list of different hydrides.
Table 2.1: Complex transition metal hydrides:

15

Table 2.2: Saline metal hydrides:

Table 2.3: Transition metal hydrides:

2.5.2.2 Plasma hydrogenation of metals
The behaviors of hydrogen in Al, Mg and MgAl thin films on stainless steel substrates
have been investigated [29]. The MgH2, AlH3 and Mg(AlH4)2 hydrides were identified
in plasma hydrided films. In the Al film, the synthesis reaction of AlH3 takes place
under high-flux hydrogen ion irradiation at temperatures around 70 °C. At temperatures
above 130 °C the decomposition of AlH3 compound starts. The 5µm thick Mg film is
converted into MgH2 film at 130 °C during 1 h under 1 mAcm−1 ion irradiation. The
MgH2 plasma synthesis temperature is significantly less than the temperature needed for
MgH2 synthesis using Mg powder in hydrogen atmosphere. The Mg(AlH4)2 compound
was successfully synthesized in MgAl films under high-flux hydrogen ion irradiation at
elevated temperatures.
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Synthesis of metal hydrides, with low decomposition temperatures, in plasma is difficult
because hydrogen absorption and desorption processes occur in parallel and also they
are sensitive to process parameters such as current-voltage, pressure and vibration
amplitude [30].
2.5.2.3 Ball milling synthesis
Mechanical alloying of magnesium metal powders with hydrogen in specialized
hydrogen ball mills can be used as a direct route for mechanochemical synthesis of
emerging chemical hydrides and hydride mixtures for advanced solid-state hydrogen
storage. Chemical (complex) hydride mixed with crystalline extended solid solutions,
metal nanoparticles, and amorphous phases can be produced depending on chemical
composition and process conditions [31].
There are four main routes for synthesis of hydrides in ball mills. These are as follows:
•

Mechanical milling (MM) of cast ingots followed by hydrogenation

•

Mechanical alloying (MA) of elemental powders followed by hydrogenation

•

Mechanochemical synthesis (MCS) by reactive milling of metal powders or
intermetallics in hydrogen gas

•

Mechanochemical activation synthesis (MCAS) by reactive milling of
compounds

All the above routes are preceded by mechanical activation of reagents in ball mills and
all of them can be considered for manufacturing of hydride powders. However, solidstate reaction routes are not always well investigated, and can be complex. More often
than not, the yields of reactions leading to hydrides do not reach 100 % and an
amorphous phase, which provides lower storage capacity, is formed.
2.5.2.4 Electrochemical synthesis
The metal hydride can also be synthesized using electro chemical methods. This method
involves the cathodic reduction of protons or water molecules at the metal surface and
the absorption of the H+ species so formed, similar to what occurs during the
permeation of hydrogen which is discussed later (Section 2.6.4). When the absorbed
hydrogen content exceeds the solid solubility of hydrogen, metal hydrides can form.
17

Gebert at al [32] used electrochemical method to synthesize zirconium hydride. They
charged hydrogen galvanostaticaly at current densities of -1 to 40 mA.cm2 in a solution
of 0.1 M NaOH. DTA analysis of the product showed that hydrogen desorption was a
two-stage process. In the first stage, i.e., at temperatures below 350 °C, hydrogen
desorption occurred from the highly energetic interstitial sites of the amorphous phase.
At temperatures above 350 °C the hydrogen desorption was from the hydride phase.
2.5.2.5 Electric Discharge Assisted Mechanical Milling (EDAMM)
The electric discharge assisted mechanical milling or spark milling is a novel method in
material synthesis that was developed by A/Prof. Andrzej

Calka at University of

Wollongong [16]. This technique is very effective in preparing the ceramic and metal
powder. A range of chemical reactions can be produced by this method. Inside the spark
milling chamber, the powder particles are subjected to fracturing, deformation, solidsolid and solid gas reactions. EDAMM system is the combination of mechanical milling
and high voltage, and low current electrical discharge. The electrical discharge in this
method could break the gas molecules into monatomic gases, and create plasma. The
plasma may induce formation of new phases. The fracturing rate and size changing can
be controlled by process parameters. The size changing (finer or coarser) is gained from
controlling the parameters, such as; time, current, voltage and vibration. These
parameters lead to a reduction in the size of the powders by powder fracturing or an
increase in size by powder agglomeration. The increasing temperature and size
reduction lead to an increase in chemical reactivity [17].
The main components of EDAMM device system contains a plunger, milling base,
reaction chamber, vibration device, vacuum pump, spark generator and cylinder gas
(reacting & non reacting gas). The EDAMM working principal is as follows: the
plunger made from hardened stainless steel, zirconium or titanium (depending on
powder that is being used) makes repeated impacts on the powder sample. Because of
the vibration that is generated by the vibrating device (the plunger), its impacts cause
the powder particles to deform and fracture. The electrical set-up, the plunger and
milling base are all connected to the power supply. Whilst the plunger impacts the
powder, the electrical discharge that is present at the plunger tip jumps and penetrates
into the powder particles. The electric discharge creates highly reactive plasma with
powder particles which results in formation of new phases [26].
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2.5.3 Characterisation of metal hydrides related to this work
Structural and phase characterisation of hydrogenated samples are generally carried out
by x-ray analysis, Raman spectroscopy, synchrotron and neutron diffractometry. These
techniques are potential source of information regarding the lattice changes, lattice
parameter measurement, grain size, phase identification and determination of solid
solution type structures.
The hydrogen content is normally determined using Sivert’s apparatus or by CHN
elemental, combustion analysis.
2.5.4 Application of metal hydrides
Hydrides

such

as,

sodium

borohydride,

lithium

aluminium

hydride,

diisobutylaluminium hydride (DIBAL) and super hydride, are commonly used as
reducing agents in chemical synthesis.
Hydrides such as sodium hydride and potassium hydride are used as strong bases in
organic synthesis. The hydride reacts with the weak Bronsted acid releasing H2.
Hydrides such as calcium hydride are used as desiccants, i.e. drying agents, to remove
trace water from organic solvents. The hydride reacts with water forming hydrogen and
hydroxide salt. The dry solvent can then be distilled or vacuum transferred from the
"solvent pot".
Hydrides are important in storage battery technologies such as Nickel-metal hydride
battery. Various metal hydrides have been examined for use as a means of hydrogen
storage for fuel cell-powered electric cars and other purposed aspects of a hydrogen
economy.
Hydride complexes are catalysts and catalytic intermediates in a variety of
homogeneous and heterogeneous catalytic cycles. Important examples include
hydrogenation, hydroformylation, hydrosilylation, hydrodesulfurization catalysts. Even
certain enzymes such as, hydrogenase, operate via hydride intermediates.
For several applications, hydrogen is used as energy carrier and needs storage. There
are various options for hydrogen storage. The hydrogen storage methods that are being
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used are high pressure hydrogen gas in cylinder, cryogenic liquid hydrogen and metal
hydride. In the high pressure hydrogen storage method, hydrogen is compressed to
around 20 to 80 Mpa. A problem associated with is that the steel used for high the
pressure cylinder material could be susceptible to hydrogen embrittlement [33]. In
addition, maintaining hydrogen at high pressures is very dangerous; even a small leak
could lead to an explosion. Also this method of storage has low gravimetric densities
[34]. The second option of hydrogen storage is cryogenic hydrogen storage. In this
storage system, the hydrogen is cooled up to -252 °C; therefore high energy liquefaction
is needed. Liquid hydrogen storage will experience losses due to boiling which could be
approximately 1 – 3% per day. To minimize the boil losses, special storage designs are
needed which are quite complicated. In term of safety factor, this kind of storage
method has the possibility of explosion. This could occur, because the system will
release excessive pressure due to boil losses from safety valve. The hydrogen that is
released from this safety valve could create an explosion [35]. The third option of
hydrogen storage is metal hydride. Metal hydride has appropriate thermodynamics, fast
kinetics both uptake and release. Metal hydride also has high storage capacity, effective
heat transfer, higher gravimetric and volumetric densities than high pressure and liquid
hydrogen storage. Another strongest point of metal hydride is long cycle lifetime for
hydrogen absorption/desorption and high mechanical strength as well as durability. In
terms of safety, it is very safe under normal usage conditions (solid state storage under
moderate pressure and temperature) [36]. Recently Mg-based hydrides are being used as
hydrogen storage materials.

2.6

Hydrogen Permeation studies in pipeline steels

Development of high-strength pipeline steels for transportation of oil and gases has
resulted in significant savings. However, one of the significant limitations in their usage
is their susceptibility to hydrogen embrittlement.
2.6.1 Hydrogen Embrittlement
Hydrogen embrittlement (HE) is the process in which various metals, and high strength
steels in particular, undergo a loss in ductility and load-bearing capacity, causing
cracking and catastrophic brittle failures at stresses below the yield stress when exposed
to hydrogen. An example of the decrease in ductility of X100 steel on charging with
20

hydrogen for increasing times is shown in Figure 2.8. HE occurs in a number of forms
but the common features are an applied tensile stress and hydrogen dissolved in the
metal.

Figure 2.8: Stress-strain curves of X100 steel under various charging times
[37].
HE has been classified into three main types:
2.6.1.1 Internal Hydrogen embrittlement
The hydrogen that is present in the material in combination with applied or residual
stress causes internal hydrogen embrittlement (IHE). The hydrogen that has entered the
metal either from processing or fabrication causes embrittlement over a period of time.
This time delayed fracture is a function of the concentration, temperature and state of
stress within the material and is called IHE. It generally occurs in high strength steels
that have residual hydrogen as well as residual stresses present from processing, which
initiate microcracking that slowly propagates to rupture. Applied tensile stresses can
also cause time delayed IHE in the presence of residual hydrogen from processing such
as in chemically plated tensile bolts.
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2.6.1.2 Environmental Hydrogen embrittlement
When the embrittlement of steel takes place as a result of hydrogen being absorbed from
the environment, then it is referred to as environmental hydrogen embrittlement. Thus
this type of embrittlement occurs in hydrogen containing atmospheres by means of
adsorption of molecular hydrogen on the surface and its absorption within the lattice
after dissociation into atomic form.
2.6.1.3 Hydrogen reaction embrittlement
This type of embrittlement occurs when hydrogen chemically reacts with a constituent
of the metal to form a new microstructural element or phase such as a hydride or gas
bubbles (blister).
2.6.2 Sources of hydrogen
During manufacture, in molten steel, hydrogen can be introduced by absorption from a
hydrogeneous atmosphere in the course of casting, welding, hot working heat treatment,
pickling, electroplating and enamelling [38]. In service, the steels can pick up hydrogen
by exposure to hydrogenated liquids or gases. Hydrogen entry can be facilitated as a byproduct of a corrosion reaction. Hydrogen can also enter the steel as a result of cathodic
protection for corrosion if it is not controlled properly.
2.6.3

Effect of hydrogen

Several mechanistic explanations are given for the effect of hydrogen in metals [39]:
1. At temperatures close to room temperatures, the presence of hydrogen in steels
can result in reduced ductility, blistering or delayed cracking where the crack
can extend at very low stress levels.
2. Above room temperature, hydrogen gas at high pressures can diffuse and react
with carbon to form methane. The bubbles of methane coalesce at grain
boundaries and other defect sites causing voids and decarburization. The
formation of brittle hydride phases formed from reaction between hydrogen and
metals such as niobium, titanium, tantalum and zirconium leading to reduced
ductility and crack extension at decreased stress levels.
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2.6.4 Hydrogen entry and permeation
The mechanism of hydrogen absorption into a metal lattice and its permeation through a
membrane is a complicated/intricate process involving several steps [40]. In the case of
gaseous hydrogen the 6 steps involved (Figure 2.9) are the following:
1. Hydrogen molecules’ absorption on the entry side of the membrane surface.
2. The chemisorbed molecules’ dissociation into H• species (proton & electron).
3. H• species’ dissolution into the metal lattice.
4. H• species’ diffusion through the metal lattice from entry side to the exit side.
5. H• species re-association to form hydrogen molecules at the exit side of
membrane surface.
6. Hydrogen molecules’ desorption from the membrane exit side to the bulk.

Figure 2.9: Permeation of hydrogen through a membrane [40].
In the case of aqueous solutions, depending on whether the metal surface is cathodically
and anodically polarized different reactions can occur. On the cathodic side hydrogen
evolution takes place whereas, oxygen reduction (material dissolution) occurs on the
anodic side. Both these reactions can take a place in alkaline or acidic solutions as
shown below:
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•

Oxygen reduction

½ O2 + 2H2O+ +2e- →3H2O (Acid solution)
½ O2 + H2O+ +2e- →2OH- (Alkaline or neutral solution)
•

Hydrogen reduction

H3O+ +e- →½ H2+ H2O (Acid solution)
H2O +e- →½ H2+ OH- (Alkaline or neutral solution)
2.6.5 Electrochemical method of hydrogen charging
Different experimental methods of electrochemical charging have been employed to
determine the diffusion coefficient of hydrogen. They are:
Potentiostatic: In this method, it is assumed that there is an initial concentration of
hydrogen on the surface with an equilibrium potential (E). At t=0 a constant potential is
applied between the electrode and the sample which changes the concentration of
hydrogen. Then maintaining the constant concentration, the current evolved (I) is
measured at t>0 (Figure 2.10).
Galvanostatic: Here the current is controlled and the potential on the surface sample
(x=0) is measured. Then Fick’s first law will govern the variation of hydrogen
concentration.
Potentiometric: The initial concentration is assumed to be constant in this technique
corresponding to an equilibrium potential (Eo). A short pulse of high current is applied
and the variation of potential with time is measured after interrupting the current.
Steady State AC Method: It is assumed that the initial concentration is constant
corresponding to the equilibrium E0. The response impedance parameters (R* and x*)
are then monitored after the super position of a small sinusoidal AC signal upon the
constant dc voltage.
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Figure 2.10: Electrochemical hydrogen charging methods (a) potentiostatic,
(b) galvanostatic, (c) Pontentiometric, (d) Steady state. (E= potential,
I current, R* real part, X* imaginary part of impedance) [41].
2.6.6 Hydrogen permeation technique
Methods employed for the measurement of permeation of hydrogen in metals include:
electrochemical permeation, gas permeation and electro-conductivity techniques. Of
these, the electrochemical technique developed by Devanthan and Stachruski [2] is
commonly used since it has the advantage of simplicity, low cost, ease of use and speed
of measurement [42].
2.6.6.1 Principle of electrochemical permeation technique
The technique basically involves the measurement of hydrogen that permeates or
diffuses from one side of metal membrane, where it is generated, to the other side. This
is achieved by cathodic polarization of one side of the membrane and anodic
polarization of the opposite side. Diffusion theory is applicable when zero coverage of
the membrane with adsorbed hydrogen is maintained on the anodic side while the
cathode side is kept at a certain fixed level of hydrogen. Further, by maintaining a large
ratio of permeation surface to its thickness, one-dimensional diffusion along the
thickness of the membrane is ensured. Then by applying Faraday’s laws, the current in
the anodic potentiostatic circuit can be taken as a direct measure of the permeation of
hydrogen.
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Figure 2.11 shows a typical plot obtained from a permeability experiment. It shows a
plot of the permeation current density as a function of time. After the application of
cathodic current on the entry side, the permeation current is initially zero for a period of
time called the breakthrough time, tb, after which, it increases till it reaches a steady
state value. This is referred to as the rise transient. The time Tl, called the lag time, is
the time taken to reach 0.63 times the steady state current. After reaching steady state,
the entry side charging current is interrupted and the sample is allowed to outgas
completely. The current now starts decreasing and reaches a low value after a period of
time. The plot of the decreasing current is designated as the decay transient. A second
transient can be obtained by starting the current in the entry side again.

Figure 2.11: Typical permeation transient [2].
2.6.7 Hydrogen trapping
There are several sources of structural defects that act as traps such as grain boundaries,
microvoids, dislocations, point defects, lath boundaries, non metallic inclusions and
precipitate-matrix interface or any other feature that can introduce strain in the lattice
[43]. These traps can be reversible or irreversible depending on their trap activation
energy and trap binding energy for hydrogen atoms [44].
1. Irreversible traps that trap hydrogen permanently and are associated with high
binding energies,≥ 60 kJ.mol

-1

. Irreversible traps include interfaces of
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nonmetallic inclusions such as MnS, SiO2, Al2O3, TiC etc. which have high trap
activation energy i.e., the energy needed to escape from the trap site to a normal
lattice site is high as shown in Table 2.4.
2. Reversible traps, on the other hand trap hydrogen temporarily and have low
binding energies in the range - (40-46) kJ.mol-1. Traps such as, grain boundaries,
dislocations and microvoids have low trap activation energies and come under
this category.
Table 2.4 Trap activation energies for each trapping site [45].
Classification of trapping site

Trap activation energy (kJ mol-1)

Grain boundary

16.30-18.20

Cementite Interface

18.35

Dislocation

26.04

Microvoid in cold-worked iron

35.15-40.31

Microvoid in AISI 4340 steel

56.20

Interface of Fe oxide

47.20

Interface of MnS

72.30

Interface of Al2O3

78.96

Interface of TiC

86.96

The traps can also be classified into strong, intermediate and weak traps, based on
binding energy [46].
1. Very weak traps: These traps include fine precipitates in the matrix and
dislocations with binding energy ~20 kJ/mol, as also solutes such as Cr and Mo.
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2. Intermediate traps: Prior austenite grain boundaries and martensite lath
microstructures with the binding energy ~50 kJ/mol are included in this
category.
3. Strong traps: Hydrogen can escape from these traps only at high temperatures.
These traps have high binding energy of ~100-120 kJ/mol and include, spherical
precipitates, non metallic inclusions, interphases of martensitic laths and prior
austenite grain boundaries or, retained austenite and segregated impurities.
2.6.8 Features effecting hydrogen diffusion in steels relevant to this study
2.6.8.1 Effect of grain size
Several researchers reported an increase in the hydrogen diffusion rates with an in
increase in grain boundaries [47-49]. However, others reported that grain boundaries
can decrease the diffusion rates by acting as reversible hydrogen trapping sites at the
nodes and junction points [50, 51]; Brass et al [52]. Therefore there are two opposing
effects. The mobility of hydrogen is increases as the grain size decreases because a
larger amount of grain boundary area is available for diffusion. On the other hand, the
higher density of nodes or junction points in a finer microstructure can act as potential
traps for hydrogen atoms and lead to a reduction in its mobility. As a result of these two
contradictory effects, Ichimura et al [53] suggested the hydrogen diffusion coefficient
will be a maximum at an optimum grain size. They call this effect the cross-boundary
effect and proposed a model for the grain size dependence of hydrogen diffusivity
(Figure 2.12).
2.6.8.2 Effect of inclusions and precipitates
Inclusions are usually considered as irreversible trap sites in steel and are one of the
dominant factors affecting HIC [54]. Several types of inclusions have been identified in
pipeline steels, including those enriched with silicon, Al oxide, mixture containing AlMg-Ca-O, Si-ferric carbide and MnS [55]. Pressouyre and Bernstein [56] considered
MnS inclusions to be strong irreversible trapping sites for hydrogen. However, Garet et
al [57] reported that MnS particles act as reversible trapping sites since they have
moderate binding energies. They also reported that the trapping efficiency increased
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with sulphur content. The inclusions observed in the steels were mainly of the type
Al2O3 or MnS and some complex (Fe, Mn)S or double oxide FeO Al2O3 inclusions.

Figure 2.12: A model for grain boundary cross effect on hydrogen
diffusivity [53]
Additionally, precipitates such as TiN and TiC dispersed in steels are considered as
irreversible traps [56, 58-61]. According to Pressouyre and Berstein [56] incoherent
precipitates form irreversible traps with a high binding energy. However, Takahashi et
al [58] reported that fine coherent TiC particles (<10 nm) were the most effective
trapping sites. From permeation studies, Valentini et al [60] found a high volume
fraction of fine (<35 nm) coherent e-Ti(C,N) precipitates to be the most favourable
irreversible traps in microalloyed steels whereas, fine precipitates (<70 nm) of Ti4 C2S2
along with Ti (C,N), have been found to act as irreversible traps for hydrogen in ultra
low carbon steels [61]. Wei and Tsuzaki found NbC precipitates to be a stronger trap
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than TiC in tempered martensitic structures. Studies on coherent and semicoherent
particles also revealed that fine (semi) coherent TiC particles trap hydrogen differently
from incoherent TiC particles. The incoherent particles do not trap hydrogen during
cathodic charging at room temperature, however they are capable of absorbing
hydrogen during heat treatment at high temperatures [62]. Contrary to this, Dong et al
[63] have reported that in API X70 steels subjected to electrochemical charging in
H2SO4 solutions, coarser inclusions such as oxides trap more hydrogen than the finer
titanium and niobium nitrides.
2.6.8.3 Effect of microstructure
The final microstructure of the steel also plays an important role in diffusivity of
hydrogen. The TMCP of pipeline steels produces different combinations of
microstructures, such as polygonal or quasi-polygonal ferrite with pearlite, bainitic
ferrite with martensite-austenite constituent [64]. According to Lunarska et al [65], the
efficiency of trapping tends to increase in the following order: small second phase
particles, coarse pearlite, fine pearlite, bainite and martensite. Park et al [1] reported
that bainitic ferrite structure was the most efficient in trapping hydrogen.
2.6.9 Summary
The exposure of pipeline steels to hydrogen can result in its embrittlement and one of
the important steps in this process is the diffusion of hydrogen. The presence of
microstructural features such as grains boundaries, dislocations, inclusions and
precipitates as well as the microstructure of the steel affect the trapping of hydrogen and
consequently its diffusion in the material.
As pointed out in introduction, the TMCP of pipeline steels can result in a range of
microstructures and depending on the actual process conditions, the grains size, volume
fraction of inclusions and dislocation density can be different. Moreover, there is
segregation of various elements (depending on the partitioning tendency of each
element) and inclusions to the metal which solidifies last and therefore these inclusions
segregate to the centre line of the transfer bar and consequently the final product the
strip. Therefore the chemical composition and therefore microstructure of the edge
differs from the centreline. Moreover, the difference in the cooling rates of the edge and
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centerline can also introduce differences in grain size and uniformity as well as
dislocation density.
Therefore, by the carrying out permeation studies on pipeline steels having different
compositions, from different stages of production line and from different regions of the
strip, the diffusivity of hydrogen can be determined and correlated to the microstructural
features present in the steel specimens.
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3

EXPERIMENTAL PROCEDURE
3.1

Electric discharge assisted milling in hydrogen

3.1.1 Starting materials
The notation used for the starting powder used in this experiment and that of the final
products obtained are given in Table 3.1.
Table 3.1 Notation used for the samples investigated.

Starting powder

Final products

FeSP

FeH1-FeH19

ZrSP

ZrH1-ZrH34

NbSP

NbH1-NbH2

VSP

VH1-VH3

WSP

WH1-WH2

MgSP

MgH1-MgH7

AlSP

AlH1-AlH3

TiSP

TiH1-TiH36

3.1.2 The milling device
The Spark Milling reactor is designed to produce a milling mode that combines repeated
impact of a hardened and curved stainless steel rod end, on powder particles placed on a
vibrating, stainless steel, hemispherical container under electrical conditions of pulsed
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arc discharge. A schematic diagram of the milling unit was shown in Figure 2.4(a) and
photographs milling discharges are shown in Figure 3.1(a) and (b).

(a)

(b)

Figure 3.1: (a) Spark milling unit connected to the power supply
(b) Electrical discharge during Spark Milling
The milling unit was custom built by Calka et al [66]. It consists of a stainless steel base
which has a hemispherical milling chamber at its centre with a diameter of
approximately 20 mm, which is where the powder is placed. The base is connected to
the negative terminal of the power supply. Suspended loosely above this chamber is a
stainless steel rod which is connected via a flexible copper cable to the external positive
electrode and power supply. The walls and top of the milling unit are made from clear
Perspex. This facilitates viewing of the spark and plasma during milling as well as
providing insulation to prevent short circuiting.
Gas inlets and outlets are built into the base of the milling unit with the flow directed
through the Perspex tube. The inlet and outlet into the actual milling chamber are
through holes near the top of the Perspex tube. The chosen gas cylinder is connected to
the inlet and a vacuum pump connected to the outlet. The setup of the gas facilities
allows a choice of either a measurable rate of gas flow during milling or alternatively,
sealing off the inlet and keeping a static atmosphere throughout milling. Gas used in this
project was industrial air. The gas flow was maintained at a rate of 1 cc/min.
The entire milling unit is placed on a vibration plate so as to facilitate vibratory motion
of the stainless steel rod in a vertical direction. This motion forces the rod to smash into
the powder during milling, thus providing the mechanical milling action and mixing the
powder. The vibration amplitude can be controlled and is measured by the voltage
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output of the sieve shaker. This is not an absolute value but a relative value with higher
voltages delivering higher vibration amplitudes. The sieve shaker used in this project
was a vibrating machine.
During milling pulsed arc discharges are initiated at the tip of the stainless steel rod and
travel through the milling atmosphere and powders before terminating at the stainless
steel base in the centre of the hemispherical milling cell. This is demonstrated in Figure
3.1(b). These arcs are facilitated by connecting the milling unit to an external power
supply.

3.1.3 Spark Mill settings
Table 3.2 gives the range of settings used for EDAMM of different samples.
Table 3.2: Mill settings for EDAMM

Milling
Time (mins)
5-30

Atmosphere

Flow

Hydrogen

0.2-1.5 (cc/min)

Current

Voltage

Vibration

(mA)

(kV)

Amplitude

18-620

0.01-1.26

0.2 – 1.0

Current

AC / DC

3.1.4 The Spark Milling procedure
To avoid contamination of samples from previously processed powders, the reactor was
cleaned prior to each experiment. Cleaning consisted of scrubbing the internal surfaces
of the mill with abrasive paper and ethanol to remove any remaining loose material or
any material that had got partially welded to the milling surface. This was followed by
rinsing with ethanol and drying. When milling of a new type of starting powder was
taken up, an additional cleaning step was used where the metal milling surfaces were
cleaned by using an electric drill with a grinding attachment. This stripped the milling
cell back to a fresh stainless steel surface and was necessary to remove the surface layer
which had got alloyed with powders during milling.
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The required volume of powder was measured out using the measuring device shown in
Figure 3.2(a). This device ensured that an equal volume of powder was used for all
experiments. The powder sample was then placed in the milling cell recess as shown in
Figure 3.2(b), before closing and securing the milling chamber and connecting the gas
services.
The milling chamber was kept at atmospheric pressure and air flow was established at a
rate of 1cc/min. Milling settings for vibration amplitude, peak current intensity and
impulse duration, were then selected and Spark Milling carried out for the required
duration. Milling durations of 5, 10, 15 and 30 minutes were used for all hydrogenation
experiments. After the completion of milling, the chamber was opened and the milled
powders collected using a clean spatula. These samples were stored in sealed glass tubes
until taken up for XRD and SEM analysis.

(a)

(b)

Figure 3.2: (a) Powder measurement (b) Milling chamber.
3.1.5 Sample characterisation by XRD
The primary tool for phase identification was XRD. XRD was carried out on powder
samples before and after Spark Milling. The purpose of XRD was to establish any phase
changes that had occurred during Spark Milling and also to establish whether phase
changes had been partially or fully completed. XRD makes phase identification possible
as the crystal planes within a phase diffract the x-rays at characteristic angles when
irradiated with x-rays. The phases were then identified by matching the angles at which
these peaks of x-ray intensity occur against a database of known materials.
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A quartz substrate was used as the holder for XRD samples. A small sample of the
powder was placed onto the substrate along with a drop of ethanol. The ethanol was
necessary to spread the powder particles evenly and also to ensure the particles adhered
to the substrate instead of falling off during XRD. The ethanol was allowed to dry
before carefully placing the sample holder in the XRD unit. The Philips x-ray
diffractometer PW 1730, used to conduct XRD scans, is shown in Figure 3.3.
3.1.6 Sample characterization by DTA
DTA is used to analyze the thermal effect (endothermic or exothermic) that is caused by
transformations that occur during a thermal cycle like for instance melting,
crystallization and sublimation. In this technique, the studied material and an inert
reference sample are heated up to a temperature of 1100°C, and the difference in
temperature between studied sample and the reference sample is recorded.

The

differential temperature is plotted against time or temperature to obtain the DTA curve.
The instrument used for DTA is shown in Figure 3.4 and the settings used for DTA are
given in Table 3.3.

Figure 3.3: Philips XRD machine used in this work sample characterisation.
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Figure 3.4: Differential Thermal Analysis (DTA).
3.1.7 Sample characterisation by CHN elemental analysis
CHN analysis is the sample analysing method to determine elements of only Carbon
(C), Hydrogen (H) and Nitrogen (N) and the instrument used is shown in Figure 3.5.
The principal of this method is combustion analysis; it analyses the combustion
products. Oxygen supply is provided during the combustion processes, which oxidizes
the carbon, hydrogen and nitrogen to form carbon dioxide (CO2), water (H2O) and nitric
oxide (NO), respectively. All the combustion products are collected and weighed to
determine the elemental composition or the empirical formula of the sample being
analysed.
Table 3.3: DTA settings

20

Heating rate (°C/min)

100 - 1400

Temperature (°C)
Sample weight (mg)

10 - 20

Argon Flow (cc/min)

4

Compress Air Flow (°/min)

35
37

Figure 3.5: CHN analysis device.

3.2

Hydrogen permeation

3.2.1 Materials and heat treatments
Standard and medium Mn X70 grade pipeline steels (X70 and MX70 respectively) were
used in this investigation. The chemical compositions of the steels are listed in
Table 3.4. Samples from the edge and centreline regions were taken from the transfer
bar (TB) of X70 steel and hot rolled strips of both X70 and MX70 produced by
BlueScope steel Ltd. To eliminate the effect of strain present and obtain a coarse
grained normalised structure, samples from the edge region of TB were normalised in
an argon atmosphere at 950°C for 20 minutes. The notation used for the samples that
were investigated is given in Table 3.5.
To study the effect of grain size on permeation, samples taken from the edge region of
the transfer bar were subjected to the heat treatments shown in the annealing program
(Figure 3.6) to produce different grain sizes. To prevent the transformation of austenite
to bainite during cooling, the samples were initially cooled from the respective higher
temperatures to 700°C and held at this temperature for 2 hours before final cooling to
room temperature.
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Table 3.4 Chemical composition of the steels investigated (wt. %).

Steel

C

P

Mn

Si

Ni

Cr

Mo

Cu

Al

Nb

Ti

V

S

X70

0.074

0.012

1.14

0.22

0.024

0.029

0.1

0.023

0.019

0.06

0.02

0.002

0.002

0.0002 0.0041

MX70

0.085

0.01

0.5

0.19

0.018

0.26

0.11

0.011

0.04

0.059

0.035

0.003

0.002

0.001
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Ca

N

0.0054

Table 3.5 Notation used for the samples investigated.

Sample invesigated

Notation

X70 Edge

SME

X70 Centerline

SMC

MX70 Edge

MME

MX70 Centreline

MMC

X70 Transfer Bar Edge

TBE

X70 Transfer Bar Centreline

TBC

Transfer Bar Edge normalised

NTBE

Figure 3.6: Annealing program to obtain microstructures with different
grain sizes.
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3.2.2 Microstructural investigation
After the completion of permeability tests, the cross-sections of the samples subjected to
permeability tests were cut from the region exposed to the electrolyte and prepared for
optical metallography using the standard procedures. The polished surfaces were
imaged in an optical microscope and the inclusion content of the samples was
measured. Then the samples were etched with 2 % Nital solution and the
microstructures were characterised. The grain sizes were measured by the linear
intercept technique. The hardness of the samples was characterized using INDENTEC
Vickers hardness machine at a load of 10 kg.
3.2.3 Electrochemical hydrogen permeation test
Hydrogen permeability measurements were performed by the electrochemical technique
developed by Devanathan and Stachurski [2]. A modified dual cell made of two
polycarbonate cells (Figure 3.7a) was employed. The specimen was held tightly
between the two cells by using rubber gaskets in such a way that the entire system is
leak-tight and the solutions on either side of the specimen do not mix. The side of the
membrane at which hydrogen is to be generated is maintained at a cathodic potential
whereas an anodic potential is applied on the detection side of the membrane. The
equipment used for applying the required potentials was the Hyperm Mod HM 403
provided by BlueScope Steel Ltd and is shown in Figure 3.7b.

(a)

(b)

Figure 3.7: Electrochemical hydrogen permeation set up (a) Dual Cells
(b) Hyperm Mod HM 403 device.
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The permeability tests were all carried out at room temperature. Samples of size 40 mm
x 40 mm and thickness slightly greater than 1 mm were obtained by wire cutting
parallel to the rolling plane of the material. Both surfaces of the specimen were polished
up to 500 grit silicon carbide paper and cleaned with methanol. After preparation the
actual thickness of the samples were measured and noted (an average of ten
measurements were taken). The cleaned sample was placed in between the two cells and
sealed by tightening the bolts. A circular area of 28 mm2 was exposed to the electrolyte.
A platinum electrode was placed in the anodic cell and a stainless steel electrode in the
cathodic cell and the steel specimen formed the working electrode in both cells. These
electrodes were then connected to the terminals of the Hyperm unit. The anodic side or
the detection cell was filled with 0.1 N NaOH solution, and polarization was started. A
background current was observed in the amperometer. With time the background
current decreased. When this current reduced to a value below 3 µA, it was
compensated by means of the zero shift using a null potentiostat, in other words it was
set to zero. Then the cathodic cell was filled with a solution containing 0.1 N NaOH and
a promoter, Na2S.9H2O in order to accelerate the entry of hydrogen into the steel
specimen. Alkaline solution was used for the permeation tests in order to reduce/prevent
the interaction of sulphide inclusions with the electrolyte at the steel surface [67].
Initially several concentrations of Na2S.9H2O were tried to study the effect of promoter
concentration. Finally, 10 g/L of Na2S.9H2O was selected for all other experiments.
The solutions were prepared from analar grade chemicals and milli Q water. Hydrogen
entry into the steel was then facilitated by applying a constant cathodic current of 10
mA. Hydrogen permeated through the specimen to the anodic side where it was
instantaneously oxidised giving rise to an equivalent current in the exit cell which is a
direct measure of the output flux of hydrogen. The experimental set up provided by
BlueScope Steel Ltd, was modified by connecting the output of the Hyperm to a
computer through a data logger so as to record continuous current measurements
throughout the experiment with data logging every 10 seconds.
After the application of cathodic current on the entry side, the permeation current was
initially zero for a period of time, after which it increased till it reached a steady state
value. This is referred to as the rise transient. After reaching steady state, the entry side
charging current was interrupted and the sample was allowed to outgas completely. The
current then started decreasing and reached a low value after a period of time giving rise
42

to the decay transient. A second transient was then obtained by starting the current in
the entry side again. Three samples of each condition were tested.
The permeation transients were expressed in normalised units i.e., in terms of
normalised flux and dimensionless time [44, 60]. The flux was normalised with respect
to the steady state value and the dimensionless time was obtained by using the equation,
τ = DLt/L2
where, DL is the coefficient of diffusion of hydrogen in pure ferrite and was taken as
7.2 x 10-9 m2/s at room temperature [44, 68] t is the time in seconds and L is the
thickness of the specimen in meters.
3.2.4 Analysis of the Steady State Permeation Current
As mentioned earlier, the permeation current density observed at the exit side is a direct
measure of the output flux of hydrogen. From the steady state permeation current
1 1
density i ∞
p , the hydrogen permeation flux or permeability (mol H/m- s- ) is calculated

using the equation:
J∞ L = i∞
p / ZF

where,

J∞

: hydrogen permeation flux (mol H/m-1s-1)

Z

: the number of electrons transferred,

F

: Faraday’s constant, (96,487 C mol-1)

L

: the specimen thickness (m).

The diffusion coefficients (m2s-1) can be calculated from the permeation transients using
a variety of methods as given below.
(a)

Break throughtime t b [2]:
Dtb = L2 / 15.3 tb
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where:

Dtb

: Diffusion coefficient calculated from breakthrough time
The breakthrough time is obtained from the intersection of the tangent at the

inflection point of the permeation rate-time curve with the initial permeation level.
(b)

Time lag t l [2]:
DT = L2 / 6 tl

where,

DT

: Diffusion coefficient calculated from time lag

tl

: Time taken for permeation rate to 0.63 times the steady state value.

(c)

Rise transient [37]:

To calculate the diffusion coefficient from the rising transient a plot of

((

)

)

∞
ln i p − i ∞
p / i p against t was drawn.

Where :
: the measured permeation rate at time t,
: the steady state permeation rate,
This plot has a slope of 1/ t 0 ,
where, t = L2 / π 2 D
0
(d)

Decay transient [2]:

To calculate the diffusion coefficient from the decay transient a plot of

(

)

ln i p / i ∞
p against t was drawn. Again this plot has a slope of 1/ t 0 from which D can
be calculated.
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Solubility Capp
The apparent hydrogen solubility Capp (mol H/m3) is determined by
Capp = J ∞ L = D
(e)

Trap density [37]:
ln �

DL
𝑁𝑇 Eb 1
− 1� = 𝑙𝑛
+ 𝑥
D
NL 𝑅 𝑇

NT = NL 𝑥 �
where:

Eb
DL
− 1� xe−RT
D

NT

: the number of hydrogen trapping site per unit volume (cm-3)

DL

: the hydrogen lattice diffusion coefficient (cm-3s-1) = 1.28 x 10-4 cm2s-1

NL

: the density of the interstitial sites in the steel (cm-3) = 7.52 x 1022 cm-3

Eb

: hydrogen trap binding energy (eV) = 0.3 eV

The trap density given in Chapter 5 was calculated using the diffusion coefficient
calculated from the lag time of first transient.
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4

RESULTS & DISCUSSION OF METAL HYDRIDE
4.1

Introduction

The results of hydrogenation of different samples using EDAMM is presented in this
chapter and discussed.

4.2

Hydrogenation of Fe (X70 pipeline steel)

The aim of this experiment was to study iron-hydrogen reactions during spark milling of
powder steel sample in nitrogen plasma. The starting Fe powder (FeSP) used in this
experiment was taken from X70 pipeline steel. The powder was obtained by filling a
piece of standard X70 hot rolled strip and the powder size is about 550 µm. The
processing parameters used for EDAMM of Fe are given in Table 4.1. The last column
gives the voltage representation of the vibration amplitude.
Table 4.1: Process conditions for the EDAMM of Fe
Sample

Milling Time

Atmo-

Flow

Current

Voltage

Vibration

Name

(mins)

sphere

(bubble/s)

(mA)

(kV)

amplitude

FeSP

-

-

-

-

-

-

FeH16

30

H

3

1.04

0.13

0.5V

4.2.1 X-ray diffraction
Figure 4.1 shows the XRD patterns for the starting iron powder and the FeH16 spark
milled powder. The XRD pattern shows that starting powder contains Fe since all the
peaks match with those of Fe, as given in the powder diffraction file number 01-1261.
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Figure 4.1: XRD of FeSP and FeH16
The 100% intensity (111) peak of the starting powder as well as after EDAMM, are
shown on a magnified scale in Figure 4.2. It can be seen from this figure that the (111)
peak of sample after EDAMM in hydrogen is shifted to lower angle when compared to
its position in the XRD taken from starting powder. This peak shift indicates lattice cell
expansion as a result of hydrogen solubility.
4.2.2 DTA analysis
A plot of low temperature endothermal effect for the EDMMA Fe powder is shown in
Figure 4.3(a) and the high temperature effect observed in DTA is plotted in Figure
4.3(b). This figure shows that an endothermic reaction occurs during the high
temperature hydrogen desorption of FeH16 samples. This reaction begins at a
temperature around 7880 C and stops at about 8020 C. There is no reaction after 8020 C.
4.2.3

CHN elemental analysis

CHN analysis of FeH16 sample showed that it contained a significant amount of
hydrogen, approximately, 0.23 wt. %.
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Figure 4.2: (110) peak of FeSP and FeH16
4.2.4 Discussion
The iron (X70 pipeline steel) samples were EDAMM in the hydrogen atmosphere. From
the above results one can conclude that EDAMM of Fe powder in hydrogen atmosphere
results in the formation of solid solution of hydrogen in iron. This is confirmed by the
peak shifting observed in the XRD pattern (blue line). The XRD pattern from the
FeH16 sample shows that the peak shifts to the left compared with FeSP (red line).
The hydrogenated iron samples were also studied by DTA. DTA data in Figure 4.3(a)
and (b) show low and high temperature endothermic thermal effects. Both effects could
reflect energy release due to changes related to hydrogen desorption. Low temperature
effect could reflect desorption of hydrogen from solid solution while high temperature
effect could be due to desorption of hydrogen present in iron fine grained nanohydrides. This assumption is also supported by the results of CHN analysis which
shows 0.23 wt. % of hydrogen in EDAMM FeH16 sample.
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(a)

(b)
Figure 4.3: DTA of sample FeH16 (a) low temperature thermal effect, (b)
high temperature thermal effect
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It is well known that decomposition of hydrides is seen on DTA as endothermic effect.
Low temperature thermal effects are mostly due to out diffusion of hydrogen trapped in
grain boundaries, microstructural defects and in solid solution. The high temperature
effects are generated by decomposition of more stable metal hydrides. Because x-ray
diffraction pattern does not show XRD peaks that match with the spacing of iron
hydrides we believe that the high temperature thermal effect is due to decomposition of
iron hydrides existing in nano-crystalline form. From our other EDAMM experiments
we know that in many cases end milling product exist in nano-crystalline form and such
sample do not produce any XRD peaks.
The Fe-H phase diagram (Figure 4.4) shows hydrogen solubility at equilibrium
conditions up to 0.0025 wt. % at temperatures of 1536o C and 0.0004 wt. % at 912o C.
In our case high hydrogen solubility of 0.23 wt. % indicates that spark milling process is
not an equilibrium process and is much above maximum equilibrium solubility. It is
very likely that some of hydrogen can be trapped in grain boundaries, some dissolved in
iron and some can form amorphous or nano-crystalline type of iron hydrides.

Figure 4.4: Equilibrium phase diagram of Fe-H.
The above results indicate that EDAMM of iron powder in hydrogen causes mainly
formation of solid solution as indicated by the XRD peak shift, however trapping
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hydrogen in grain boundary regions and formation of small amount of amorphous and
nano-iron hydrides (not detected in the XRDs) cannot be excluded. Hydrogen induced
amorphisation of metallic structures is very well known phenomenon.

4.3

Hydrogenation of Zr

Zr powder used in this experiment was of 99 % purity, and the powder was obtained by
filing a piece of Zr . The size of the starting powder was about 550 µm. The following
process parameters were used for EDAMM.
Table 4.2: Process conditions for the EDAMM of Zirconium
Sample

Milling Time

Atmo-

Flow

Current

Voltage

Vibration

Name

(mins)

sphere

(cc/min)

(mA)

(kV)

Amplitude

ZrSP

-

-

-

-

-

-

ZrH12

10

H

1

420

1

0.7V

ZrH3

10

H

1

434

0.95

0.4V

4.3.1 X-ray diffraction
XRD pattern of the starting powder of Zr, as well as that of ZrH12 sample is given in
Figure 4.5. The pattern of Zr staring powder shows the peaks related to the presence of
pure zirconium only. All the peaks could be indexed as belonging to Zr in accordance
with the powder diffraction file number 05-0665. Comparison of the pattern of ZrH12
with that of the start powder shows that the strong peaks from ZrH12 shift to a lower
angle. This indicates that there is an expansion in the lattice on spark milling the Zr
powder in hydrogen atmosphere, thereby implying that there is formation of solid
solution of hydrogen in Zr.
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Figure 4.5: XRD of ZrSP and ZrH12
XRD pattern of the ZrH3 sample which was obtained by EDAMM of Zr for 10 min. is
shown in Figure 4.6 along with that of the starting powder for comparison. It is evident
from this figure that all the peaks of pure Zr are totally absent. Instead there are new
peaks. All the peaks have been indexed to zirconium hydride ZrH1.81 phase, as indicated
in the powder diffraction file number 36-1340.
4.3.2 DTA analysis
DTA curve of sample ZrH3, given in Figure 4.7, shows low temperature endothermic
thermal effect (Figure 4.7(a)) from 50oC to about 240oC and high temperature effect
from a temperature of 5930 C up to approximately 6900 C (Figure 4.7(b)).
4.3.3 CHN elemental analysis
CHN analysis of sample ZrH3 shows that it contains 1.24 wt. % of hydrogen, while
sample ZrH12 contains 0.52 wt. % of hydrogen.
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Figure 4.6: XRD of ZrSP and ZrH3
4.3.4 Discussion
Spark milling of zirconium powder in hydrogen environment, leads to hydrogen
absorption by the zirconium metal. In the ZrH12 sample, the hydrogen that is absorbed
during milling only forms a solid solution in zirconium. This is confirmed by the
shifting of peaks in the XRD pattern as compared to the starting Zr powder. However,
in the ZrH3 sample, the zirconium reacted with the hydrogen forming a new phase. This
new phase is the zirconium hydride. The XRD pattern of ZrH3 sample shows peaks of
the hydride phase. The lattice spacing’s of the observed peaks match with those given in
the traces database number 36-1340. This is also supported by the results of DTA and
CHN analysis. The DTA curve of ZrH3 sample shows that low and high temperatures
endothermic reactions occur. Low temperature thermal effects are mostly due to out
diffusion of hydrogen trapped in grain boundaries, microstructural defects and in solid
solution. The high temperature effects are generated by decomposition of more stable
metal hydrides In addition to the DTA results, the CHN analysis also supports the
formation of hydride since ZrH3 contains 1.24 wt.% of hydrogen whereas ZrH12
sample, which formed a solid solution of hydrogen in Zr, only contained 0.52 wt. %H.
ZrH3 which is zirconium hydride. From these results, it is confirmed that spark milling
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or EDAMM (electronic assisted mechanical milling) is suitable to synthesis of
zirconium hydride.

(a)

(b)
Figure 4.7: DTA of ZrH3 sample a) low temperature thermal effect, b) high
temperature thermal effect
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Both samples were prepared with the same electrical conditions but the vibration
amplitude for sample ZrH3 was 0.4V and for sample ZrH12 was 0.7V. Larger vibration
amplitude leads to a larger gap between electrodes. It is well know that, an increase in
the distance between the electrodes increases the acceleration of electrons, thereby
resulting in higher discharge temperatures. Lower vibration amplitude (i.e., lesser
distance between electrodes) generates lower temperature discharge. Therefore one can
conclude that lower temperature discharge is more favourable for formation of ZrH2
phase while high temperature discharge is more favourable for formation of solid
solution.

4.4

Hydrogenation of Nb

Nb powder used in this experiment was of 99.8 % purity, and the size of the starting
powder was about 45 µm. Table 4.3 gives the parameters used for EDAMM.
Table 4.3: Process conditions for the EDAMM of Niobium (Nb)
Sample

Milling Time

Atmo-

Flow

Current

Voltage

Vibration

Name

(mins)

sphere

(bubble/s)

(mA)

(kV)

Amplitude

NbSP

-

-

-

-

-

-

ZrH2

30

H

3

497

1.12

0.3V

4.4.1 X-ray diffraction
XRD pattern of the NbSP sample of high purity and that of the after milling, i.e., the
NbH2 sample are shown at Figure 4.8. The pattern of NbH2 sample shows shifting of
peaks compared to the pure sample. This again indicates the absorption of hydrogen
during milling to form a solid solution.
4.4.2 DTA analysis
DTA curve of sample NbH2, given in Figure 4.9, shows low temperature endothermic
thermal effect from 315oC to about 610oC
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Figure 4.8: XRD of NbSP and NbH2

Figure 4.9: DTA of NbH2 sample
4.4.3 CHN elemental analysis
The CHN analysis shows that the hydrogen content of NbH2 sample is 0.29 wt. %.
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4.4.4 Discussion
The niobium powder after being spark milled in the hydrogen environment shows
hydrogen absorption into the niobium lattice. It has been shown by XRD that there is a
shift in the peak positions of the Nb peaks after milling. Compared to the XRD of the
starting powder, the shift in the position of the peaks in the NbH2 sample is small, but
visible. It confirms the solubility of hydrogen in Nb structure. This is also supported by
the results of CHN analysis which shows that NbH2 sample contains approximately
0.29 wt. % H.
The Nb-H phase diagram depicted in Figure 4.10 shows that 0.29 wt. % of hydrogen is
within the solid solubility area. Thus, all experimental data indicate presence of
hydrogen in the Nb in the form of solid solution.
The DTA curve of NbH2 sample shows that low temperatures endothermic reactions
occur. Low temperature thermal effects are mostly because of hydrogen diffusing out
from trapped sites such as grain boundaries and microstructural defects and from solid
solution.

Figure 4.10: Equilibrium of phase diagram of Nb-H
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4.5

Hydrogenation of V

99.5 % pure V powder was used in this experiment was and the size of the starting
powder was 45 µm. the parameters used for EDAMM are given in Table 4.4.
Table 4.4: Process conditions for the EDAMM of Vanadium (V)
Sample

Milling Time

Atmo-

Flow

Current

Voltage

Vibration

Name

(mins)

sphere

(bubble/s)

(mA)

(kV)

Amplitude

VSP

-

-

-

-

-

-

VH3

30

H

3

493

1.12

0.4V

4.5.1 X-ray diffraction
XRD patterns of vanadium starting powder as well as the milled powder (VH3) are
shown in Figure 4.11. The strongest peaks of the starting powder are indexed as
Vanadium and the lattice spacing’s match with the data given in powder diffraction data
base file number 22-1058. The small peak at 2-theta of 40.8 degrees could not be
identified.
XRD pattern of sample VH3 sample shows that the intensity of the strongest peak of
pure vanadium is very low indicating that only a small amount of pure vanadium is left
after spark milling. Further, calculation of the lattice spacing of the strong peaks in the
XRD pattern of the VH3 samples shows that they are different from vanadium,
indicating that a new phase has formed, possibly, vanadium hydride. However, because
of unavailable of up-to-date traces data it was not possible to confirm whether it is
vanadium hydride or any other contamination that reacted with the metal.
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Figure 4.11: XRD of VSP and VH3 sample
4.5.2 DTA analysis
DTA curve of sample VH3, given in Figure 4.12, shows low temperature endothermic
thermal effect (Figure 4.12(a)) from 370 oC to about 850oC and high temperature effect
from a temperature of 895 oC up to approximately 1100 oC (Figure 4.12(b)).
4.5.3

CHN elemental analysis

The milled VH3 powder was found to contain 0.23 wt. % H, by CHN analysis.
4.5.4 Discussion
As mentioned above, the XRD pattern taken from spark milled vanadium in hydrogen
(VH3) showed only very weak peaks from vanadium and strong peaks at 2-theta of ~
40° and 43°. The set of these peaks indicate the formation of new phase presumably
vanadium hydride phase that is not listed in powder diffraction data base. However,
XRD patterns similar to Figure 4.11 have been found (Figure 4.13) and described by
Orimo et al [69]. These researchers studied the effect of balled milling vanadium in
hydrogen atmosphere. After 60 min of milling XRD pattern showed nanocrystalline
(broad) peaks at 2-theta positions similar to that obtained in our study for sample VH3
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(Figure 4.11). In our case the peaks are much more intense (sharper) but the 2-theta
positions are the same. This phase has been described as β2- VHx

(a)

(b)
Figure 4.12: DTA of VH3 sample a) low temperature thermal effect, b) high
temperature thermal effect.
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Figure 4.13: X-ray diffraction profiles of host vanadium and nanostructured
vanadium hydrides prepared by mechanical milling for 1, 2, 5, 10, and 60
min under hydrogen atmosphere [69].
DTA analysis also shows that VH3 sample exhibits the thermal effect of endothermic
reaction at low and high temperatures (figure 4.12). At low temperatures the thermal
effects occur generally because of the diffusion of hydrogen that is trapped in the solid
solution, grain boundaries and microstructural defects. High temperature thermal effects
are perhaps caused by decomposition of metal hydride. This is supported by CHN
analysis which shows 0.23% of hydrogen content in the sample VH3. The XRD results
(Figure 4.13) of Orimo et al [69]also support this new hydride Phase.

4.6

Hydrogenation of W

W powder used in this experiment was 98 % purity and the starting powder size was
0.59 µm. The following process parameters were used (Table 4.5).
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Table 4.5: Process conditions for the EDAMM of Tungsten (W)
Sample

Milling Time

Atmo-

Flow

Current

Voltage

Vibration

Name

(mins)

sphere

(cc/min)

(mA)

(kV)

Amplitude

WSP

-

-

-

-

-

-

WH1

10

H

1

432

0.98

0.7V

4.6.1 X-ray diffraction
The XRD pattern in figure 4.14 was obtained from the tungsten starting powder. A
majority of the peaks belong to pure tungsten with some weak peaks appearing due to
contamination. The XRD patterns of starting tungsten powder (WSP) and after spark
milling (WH1) are identical that is there is neither any shifting in the peak positions nor
any peaks from any hydride phase. This indicates that there is no absorption of
hydrogen by tungsten.

Figure 4.14: XRD of WSP and WH1
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4.6.2 DTA analysis
The DTA of W was not carried out since there was no reaction between Tungsten and
hydrogen in the spark milling process.
4.6.3

CHN elemental analysis

Since there was no reaction between Tungsten and hydrogen in the spark milling
process, CHN analysis of this sample was not performed.
4.6.4 Discussion
The spark milling process does not affect tungsten, since there is no reaction between
hydrogen and tungsten. It is well known that solubility of hydrogen in tungsten, at
atmospheric pressure is extremely small. In our process, under electric discharge
hydrogen forms free radicals that penetrate the metal structure with very low entry
energy barrier. However in the case of tungsten, even free radicals of hydrogen did not
react with tungsten.

4.7

Hydrogenation of Mg

Mg powder used in this experiment was 98 % purity and the powder was obtained by
filing a piece of Mg. The obtained powder size was about 550 µm. The processing
parameters used for milling are given in Table 4.6.
Table 4.6: Process conditions for the EDAMM of Magnesium (Mg)
Sample

Milling Time

Atmo-

Flow

Current

Voltage

Vibration

Name

(mins)

sphere

(cc/min)

(mA)

(kV)

Amplitude

MgSP

-

-

-

-

-

-

MgH5

10

H

1.25

422

0.94

0.3V
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4.7.1 X-ray diffraction
Figure 4.15 shows the XRD pattern of MgH5 sample which was obtained after spark
milling of Mg. The peak positions in XRD pattern of the MgH5 are similar to that of
Mg starting powder, also shown in the same figure. These observations indicate that
there is no reaction between hydrogen and magnesium.

Figure 4.15: XRD of MgSP and MgH5
4.7.2 DTA analysis
Since there was no difference in the XRD patterns of Mg starting powder, and after
spark milling of Mg, DTA of the sample was not performed.
4.7.3

CHN elemental analysis

CHN analysis of the spark milled Mg sample was not carried out since XRD revealed
that, neither a solid solution of H in Mg was observed nor the formation of any new
phase.
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4.7.4 Discussion
Similar to tungsten, the XRD pattern for MgH5 sample did not show any peak shifting
or extra peaks other than that of pure Mg, after Mg was spark milled in hydrogen
environment. However, unlike tungsten, this condition could be a result of low
decomposition temperature of magnesium hydride. The decomposition temperature of
magnesium hydride is about 327 °C whereas the temperature during spark milling
process is around 800 °C, which is significantly above the hydride decomposition
temperature. Therefore, even if magnesium hydride had formed during spark milling, at
these temperatures it will get decomposed. Therefore it is not possible to produce
magnesium hydride by spark milling.

4.8

Hydrogenation of Al

Al powder used in this experiment was 98 % purity and the powder was obtained by
filing a piece of Al. The size of the starting powder was 550 µm. The following (Table
4.7) process parameters were used for EDAMM.
Table 4.7: Process conditions for the EDAMM of Aluminum (Al)
Sample

Milling Time

Atmo-

Flow

Current

Voltage

Vibration

Name

(mins)

sphere

(cc/min)

(mA)

(kV)

Amplitude

AlSP

-

-

-

-

-

-

AlH3

10

H

1.25

500

1.01

0.7V

4.8.1 X-ray diffraction
The XRD patterns of the starting Al powder and the AlH3 sample after spark milling
are identical with peaks of both samples in the same positions, as shown in Figure 4.16.
This implies that similar to W and Mg neither solution of hydrogen nor new phases
form during the spark milling process of Al.
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Figure 4.16: XRD of AlSP and AlH3
4.8.2 DTA analysis
Hydrogenated Al samples were not analysed by DTA due to lack of indication of
hydrogen absorption from XRD results.
4.8.3

CHN elemental analysis

The CHN analysis was also not performed due to lack of indication of hydrogen
absorption from XRD results.
4.8.4 Discussion
The XRD pattern of aluminium did not showing any new phase or solid solution after
spark milling process. This condition is similar to that of the magnesium sample.
Similar to Magnesium hydride, aluminium hydride also has a very low decomposition
temperature of approximately 150 °C. Therefore, aluminium hydride cannot be
synthesised using the spark milling process due the high temperatures produced during
milling which can result in hydride decomposition.
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4.9

Hydrogenation of Ti

Ti powder used in this experiment was 99.7 % purity and the size of the starting powder
was150 µm. The parameters used for milling are given in Table 4.8.
Table 4.8: Process conditions for the EDAMM of Titanium (Ti)
Sample

Milling Time

Atmo-

Flow

Current

Voltage

Vibration

Name

(mins)

sphere

(bubble/s)

(mA)

(kV)

Amplitude

TiSP

-

-

-

-

-

-

TiH36

30

H

3

494

1.112

0.7V

4.9.1 X-ray diffraction
Figure 4.17 shows the XRD patterns of the starting powder of Ti and the milled TiH36
powder. It can be seen from this figure that there is shifting of peaks to lower 2θ angles.
The peak shifting indicates there is hydrogen absorption which dissolves in the lattice to
form solid solution.
4.9.2 DTA analysis
DTA curve of sample TiH36, given in Figure 4.18, shows low temperature endothermic
thermal effect from 418 oC to about 530 oC
4.9.3

CHN elemental analysis

CHN shows that the TiH36 samples contained 0.31wt, % H.
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Figure 4.17: XRD of TiSPand TiH36

Figure: 4.18: DTA of TiH36 sample of low temperature thermal effect.
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4.9.4 Discussion
The XRD pattern of sample TiH36 after milling process shows that the XRD peaks shift
which means that hydrogen solid solution has formed. Further, CHN analysis showed
0.31wt. % of hydrogen which is within the solid solution region (see figure 4.19). From
the literature we know that beginning of decomposition of TiH starts at 400 oC and ends
at 850 oC [70]. In this experiment we selected process parameters that should generate
electric discharge with lowest possible temperature. But our spark milling results
obtained so fare indicates that the minimum discharge temperature should be around
600 oC and cannot be decreased. Thus, spark milling temperature during hydrogenation
of Ti is within the TiH decomposition temperature range (400 oC-850 oC). Therefore the
limitation of hydrogen solubility in Ti may be caused by two competing processes
absorption generated by hydrogen free radicals in plasma and temperature driven
desorption.

Figure.4.19: Equilibrium phase diagram of Ti-H
The endothermic thermal effect at low temperature was shown by DTA. At low
temperature, the thermal effect is caused by hydrogen release from trapping site such as;
grain boundaries, microstructural defect and solid solution. This is supported by CHN
analysis that the TiH36 sample contain 0.31 wt. % of hydrogen.
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5

RESULTS AND DISUCUSSION – PERMEATION STUDIES
5.1 Introduction
This chapter discusses the results of permeation studies carried out by the Devanathan
and Stachurski

[2] technique. X70 steels having different microstructures and

concentrations of Mn were investigated. Effect of grain size on the diffusion coefficient
was studies by producing different grains sizes by heat treatments and the effect of
segregation was examined by comparing samples taken from the edge and centreline of
the strips.

5.2 Microstructural characterization:
Figures 5.1-5.6 show typical microstructures of the different samples investigated. The
samples taken from the edge and centreline regions of the standard and medium Mn
strips basically revealed elongated grains of ferrite-pearlite. The microstructures of the
standard Mn edge (SME) and centreline (SMC) are shown in Figure 5.1 and those of the
medium Mn edge (MME) and centerline (MMC) samples in Figure 5.2. The optical
images taken from the centreline region of the standard Mn strip (Figures 5.1 (c) and
(d)) indicate that the ferrite grains are more uniform and generally coarser than the edge
region (Figures 5.1(a) and (b)), which is consistent with the slower cooling rate
experienced by the centreline region during the hot rolling process as compared to the
edge. A closer examination of these images shows that the grain sizes of edge and
centerline regions exhibit a bimodal distribution. However, the edge regions comprises
of a significantly large number of very fine grains with average size of 2.58 µm and a
few larger grains with an average size of 12.59 µm, whereas, the centerline region
consists of a large number of coarse grains with an average size of 11.63 µm and small
fine grains with an average size of 4.08 µm. Furthermore, the centreline samples also
exhibited regions with banded ferrite-pearlite microstructure. The difference in grain
size is also evident from Table 5.1 which lists the grain size, hardness and volume
fraction of inclusions in the different samples. The edge (Figures 5.2(a) and (b)) and
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centreline regions (Figures 5.2(c) and (d)) of the medium Mn strip, on the other hand,
appear to exhibit a more uniform microstructure with very similar mean grain sizes.
This observation is quantified in Table 5.1 which shows that there is little difference in
the mean grain sizes of the edge and centreline regions of the medium Mn strip.
Moreover, no banding of the ferrite and pearlite was evident in the centreline region of
the medium Mn strip.

Figure 5.1: Optical micrographs of the standard Mn strip samples at low and
high magnifications, (a), (b) SME; and (c). (d) SMC.
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Figure 5.2: Optical micrographs of the medium Mn strip samples at low and
high magnifications, (a), (b) MME (c), (d) MMC.
The microstructure of the edge region of transfer bar (TBE) exhibited a banded structure
comprising of alternate bands of bainitic ferrite, labelled 1, and polygonal and/or quasipolygonal ferrite, labelled 2, in Figure 5.3. Magnified images of these two regions are
shown in Figures 5.3(b) and (c) respectively. The centreline region of the transfer bar
(Figures 5.4 (a) and (b)) exhibited a microstructure of coarser ferrite laths and some
quasi-polygonal ferrite which had formed from coarse grained austenite at a relatively
low cooling rate. This coarse lath ferrite structure is often described as granular bainite
[38]. The microstructure of the normalised transfer bar edge sample (950 °C, 20 minutes
air cooled) is shown in Figures 5.5 (a) and (b). The microstructure consists of
recrystallised equiaxed ferrite-pearlite grains.
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Figure 5.3: Optical micrographs (a) TBE sample, (b), (c) from regions 1 and
2 of Figure 5.3(a).

Figure 5.4: Optical micrographs of the TBC sample.
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Figure 5.5 Optical micrographs of the NTBE sample.
Table 5.1: Grain size, hardness and area fraction of inclusions in the different
samples.
Sample

Grain Size (µm)

Hardness

Area fraction of Inclusions

SME

2.58

12.59

199.86

0.19

SMC

4.08

11.63

187.13

0.24

MME

5.04

186.61

0.10

MMC

5.45

185.53

0.18

It is also clear from Table 5.1, that samples taken from the edge of the standard Mn strip
exhibit higher hardness as compared to the samples taken from the centreline regions,
whereas the medium Mn samples exhibit uniform hardness values. These values
correlate well with the grain sizes of the samples. The volume fraction of inclusions in
the centreline regions of both strips are slightly higher than those found in the edge of
the strips.
Figure 5.6 shows the microstructures obtained after subjecting the transfer edge samples
to the heat treatments given in the annealing program (Figure 3.7). This figure shows
that the heat treatment schedule employed has resulted in a spread of average grain size
from 10 µm to 120 µm.
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Figure 5.6: Ferrite grain structures obtained on heat treatment according to
the schedule shown in Figure 3.7.

5.3 Permeability results
5.3.1 Effect of promoter concentration
The permeation transients obtained for the four concentrations of Na2S.9H2O promoter
are shown in Figures 5.7. Figure 5.7(a) shows the variation in the permeation current
density with time and in Figure 5.7(b) the effect of promoter concentration is expressed
in normalised flux and dimensionless time. A tremendous decrease in the breakthrough
and steady state times with the addition of 1 mg/L of Na2S.9H2O as compared to a
solution without any promoter is clearly evident from these figures. The changes
observed in the steady state permeation current, the breakthrough time and lag time with
change in promoter concentration are also given in Table 5.2. These results show that an
increase in the concentration of the promoter increases the steady state current as well as
the permeation rate, i.e., the times taken to reach breakthrough current and steady state
permeation are reduced. There is almost one order of magnitude increase in all the three
parameters even when a small amount of promoter is added as compared to its absence.
However, the increase in the parameters with an increase in the concentration of
promoter, although present, is not very significant.
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Zakroczymski et al [71] and Hornlund et al [72], also reported an increase in
permeation rate and the hydrogen uptake respectively with an increase in the sulphide
concentration. Based on these initial trials with difference promoter concentrations, a
concentration of 10 g/L of Na2S.9H2O was selected for further tests, with a view to
keep the permeation currents in the measurement range of the amperometer, at the same
time ensuring that the sample remains undamaged.
It should be noted however, that in view of the variability in permeation flux with
electrolyte concentration, the results reported for diffusion coefficient, trap density and
diffusion flux can only be used as relative rather than absolute values.

(a)
Figure 5.7: Effect of promoter (Na2S.9H2O) composition (a) variation of
permeation current density with time.
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(b)
Figure 5.8: Effect of promoter (Na2S.9H2O) composition (b) variation of
normalised permeation flux with dimension less time.
Table 5.2 Effect of promoter concentration.

Concentration of

Permeation current

Na2S.9H2O (mg/L)

(µA)

0

tb (s)

tL (s)

0.9

2220

10440

1

1.7

490

2630

10

4.2

360

2390

100

7

270

1950
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5.3.2 Permeation transients:
Figure 5.8(a) depicts the complete permeation curve for a typical X70 specimen which
includes the first transient, the decay and the second transient. In Figure 5.8(b) both the
first and second transients are plotted together. The following observations can be made
from these plots:
1. The first transient current increases rapidly, reaches a maximum and
remains steady for a short duration of time (< 10 minutes for the NTBE
samples and about 30-40 mins for the other samples) and after that it starts
decreasing continuously even when the sample is still cathodically
polarised.
2. Although the start of the second transient (the breakthrough time) appears
to be shorter, the rise in permeation current is not as rapid (Figure 5.8(b))
i.e., the time taken to reach steady state is longer. Moreover, it does not
reach the same permeation current as the first steady state value, which
indicates that the permeation flux during the second transient is smaller
than that observed in the first transient.

Figure 5.9: Permeation curves for a typical sample observed in this study.
(a) Complete plot
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Figure 5.9: (b) Magnified permeation plot showing both transients using the
same time scale.
These results are similar to those of Manolatos et al [73] for pure iron specimen using
0.1 N NaOH in both cells. They attributed these observations to a passive oxide layer
that forms on the exit side of the specimen in the absence of Pd coating when an anodic
potential is applied. According to the authors, the passive layer formed on the exit side
acts as a barrier to hydrogen evolutions and does not allow the hydrogen concentration
on the exit side to stabilise. This prevents the attainment of stationary conditions and
consequently affects the steady state permeation flux. Bruzzoni et al [74] also showed
that, in the absence of Pd coating on the exit side an oxide layer is formed, which
reduces the permeation flux and also increases the time taken to reach steady state.
Moreover, the entry side corrodes during the decay since no current is being applied.
This alters the conditions at the hydrogen entry surface and could result in a lower or
delayed hydrogen uptake during second transient.
Skjellerudsveen et al [75] did not observe any significant variation in the permeation
curves of the first, second and third transients for X70 steel, coated with Pd on the exit
side, at room temperature. The values of steady state current densities were also similar
for the three transients. They also applied a positive potential to both sides during
decay, contrary to the procedure used in the current investigation.
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However, steady state permeation did last for a short period of time, unlike the
observations by Manolatos et al [73] and made it possible to determine normalised
permeation fluxes needed for carrying out comparisons. Permeation transients obtained
for different samples investigated were similar to those shown in Figure 5.8(a) and are
shown in the APPENDIX A. However, they will be discussed in Section 5.4.
5.3.3 Diffusion coefficients:
Table 5.3 compares the diffusion coefficients obtained from the 1st and 2nd transients
calculated from the measured breakthrough times and lag times, and also from the rising
first transient and decay transient for the different samples investigated in this study.
There is a spread in the values of the diffusion coefficients obtained from the first
transient due to the different calculation methods, as reported also by Turnbull et al
[44]. The diffusion coefficients calculated from breakthrough times are the largest,
whereas, the diffusion coefficients calculated from lag times and rising first transients
are quite similar and lower than the values calculated from the breakthrough times.
Values calculated from the decay transient are significantly lower, consistent with the
significantly large times taken for the decay of hydrogen. This result indicates that the
diffusivity based on calculations using the decay transient is not reliable.
The shorter breakthrough time for the second transient, correlates with the consistently
higher diffusion coefficient (1.11 to 1.75 times higher) than that for the first transient
(Table 5.3). Table 5.3 also indicates that there are only minor differences in the
diffusion coefficients calculated from the breakthrough time for the first transient for the
different samples tested. The medium Mn edge sample exhibited the lowest diffusivity
(1.88 x 10-10 m2/s) and the normalised transfer bar showed the highest diffusivity (5.66 x
10-10 m2/s). For the standard Mn strip, the samples taken from the edge of the strip gave
a lower diffusion coefficient than the centreline region, whereas the difference between
the edge and centreline regions was insignificant for the medium Mn strip.
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Table 5.2: Diffusion coefficients calculated by different methods

Dtb (x 10-10 m2s-1)

DT (x 10-10 m2s-1)

Sample

Dt0rise

Dt0decay

(x 10-10 m2s-1)

(x 10-11 m2s-1)

2.06 ± 0.17

2.14 ± 0.15

5.62 ± 0.8

1.97 ± 0.09

1.77 ± 0.06

2.0 ± 0.09

5.90 ± 0.2

2.54 ± 0.61

1.71 ± 0.1

1.52 ± 0.11

1.59 ± 0.14

4.82 ± 0.5

1.88 ± 0.19

3.00 ± 0.44

1.70 ± 0.04

1.57 ± 0.03

1.67 ± 0.07

3.88 ± 0.5

TBC

4.87 ± 0.74

5.4 ± 0.63

3.05 ± 0.17

2.15 ± 0.30

2.8 ± 0.19

6.04 ± 0.7

TBE

3.70 ± 02

4.58 ± 0.01

2.10 ± 0.19

1.33 ± 0.31

1.68 ± 0.4

3.84 ± 0.8

NTBE

5.66 ± 0.23

7.46 ± 0.45

4.01 ± 0.02

3.82 ± 0.13

3.62 ± 0.58

7.87 ± 1.1

First

Second

First

Second

SMC

3.02 ± 0.07

3.71 ± 0.7

2.25 ± 0.19

SME

2.29 ± 0.05

4.09 ± 1.5

MMC

2.10 ± 0.21

MME
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The various estimates of diffusivity (excluding Dt0 decay) were in reasonable agreement
for a given sample. Further, the trend in diffusivity values for the seven samples
examined was similar for each of the six different calculation methods. For example, the
average diffusivity for SMC was 2.63 x 10-10 m2/s with a standard deviation of 0.71.
5.3.4 Trap densities and subsurface hydrogen concentration:
The computed values of the density of traps, flux, permeability and the subsurface
concentration of hydrogen atoms are given in Table 5.4. The calculated trap densities
were lowest for NTBE samples and highest for MME, which is consistent with the
measured diffusion coefficients since the trap densities are inversely proportional to the
diffusion coefficients. Furthermore, there was no difference in the trap densities of the
edge and centreline regions for the medium Mn strip. The subsurface hydrogen
concentration is also inversely related to the diffusion coefficient. Therefore, the NTBE
samples showed the lowest and the medium Mn edge displayed the highest solubility
for hydrogen.
Table 5.3 Trap density, flux, permeability and solubility

18

-3

Flux J∞ (x 10-7

Permeability J∞L (x

Capp (x 10-1

mol H m-2 s-1)

10-10 mol H m-1 s-1)

mol H m-3)

Sample

NT (x 10 m )

SMC

4.27 ± 0.37

1.92 ± 0.22

1.65 ± 0.23

7.38 ± 0.56

SME

4.83 ± 0.21

1.54 ± 0.26

1.66 ± 0.25

8.40 ± 0.93

MMC

5.57 ± 0.33

1.58 ± 0.30

1.55 ± 0.35

9.02 ± 1.5

MME

5.60 ± 0.14

1.82 ± 0.26

1.95 ± 0.25

11.5 ± 1.5

TBC

3.09 ± 0.18

2.22 ± 0.26

2.34 ± 0.20

7.69 ± 0.91

TBE

4.52 ± 0.41

1.60 ± 0.06

1.67 ± 0.16

8.02 ± 1.5

NTBE

2.33 ± 0.01

3.43 ± 0.26

2.42 ± 0.03

6.03 ± 0.11
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5.3.5 Effect of grain size:
Permeation transients obtained for all the samples are plotted in Figure 5.10(a). It is
evident from this figure that the breakthrough time is lowest for the sample with the
grain size of ~46 µm and highest for samples with the grain size of 10 µm, whereas the
values are in between for the other grain sizes including the coarsest grain size samples.
In other words, the diffusion coefficient is highest for the samples having a grain size of
46 µm and lowest for 10 µm grains, with intermediate values for the other grain sizes.
The effect of grain size on diffusion coefficient is plotted in Figure 5.10(b) which
clearly shows that, as the grain size increases from a very fine size of 10 µm, there is a
considerable increase in the diffusion coefficient till a grain size of 46 µm. Further
enhancement in grain size beyond this value results in a gradual decrease in diffusion
coefficient. These results point to an optimum average grain size around 46 µm for
which the diffusion coefficient has the highest value.

Figure 5.10: (a) Variation of normalised hydrogen permeation flux with
dimensionless time for different grain sizes.
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Figure 5.10: (b) Variation of diffusion coefficient with grain size.

5.4 Discussion:
5.4.1 Comparison of the observed data with literature:
In addition to the microstructure and composition of the steel, the diffusion of hydrogen
can be influenced by other experimental factors including the solution used for
permeability testing, the concentration of promoter (if any), the method used to
calculate the diffusion coefficient and the presence or absence of Pd or an other coating
on the exit side of the sample. Serna et al [42] have also pointed out that the diffusion
coefficient can depend on the charging conditions. Therefore, although several
researchers have studied the diffusion of hydrogen in micro-alloyed pipeline steels, it is
not very easy to compare the diffusion coefficients. Table 5.5 summarises the values of
several parameters obtained by different authors along with other related information
such as the solutions employed, exit side coating and method used for calculating
diffusion coefficient. The values of diffusion coefficient obtained in this study appear to
be about an order of magnitude higher than those reported by Dong et al [63] and
Skjellerudsveen et al [75]. The former researchers used an acidic solution of H2SO4
with 250 mg/L As2O3 and the latter 0.1 N NaOH without any promoter. Furthermore,
the exit side was coated with Pd by Skjellerudsveen et al [75] and Ni by Dong et al
[37]. The reported microstructures were also different.
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Table 5.4 Comparison of parameters of permeation studies obtained by different authors

Publication

Steel

[63]

X70

[37]

X100

Solution
0.5 M H2S04
+
250 mg/l
NaAsO2

Coating
Ni

Microstructure

Time
lag
Time
lag

F + AF

DP/AF/B

[1]

X65

NACE

Pd

[54]

X70

NACE

Pd

[42]

API

NACE

Pd

[76]
[55]
[75]

API

NACE
0.5 M H2S04
0.1 N NAOH

Pd
Pd
Pd

This study

X70
and
MX70

0.1 N NaOH
+ 10g/L
Na2S.9H20

Method

F+AF

8.12

F+B

9.38

F+DP

3.75

F+DP

3.93

M/A
5.7
3
4.4
5
1.2
8
0.8
8

Breakthrough
F+P, F+B, F+AF
F+BF+M/A
F+P+M

Time
lag
Breakthrough
Time
lag

F+P GB, F+BF
--

Breakthrough

F+ P

Capp
(mol H
m-3)

D (x 10-10
m2s-1)

J∞ (mol
H m-1s-1
x 10-7)

0.263

9.85

28.8

0.01

2.65

134

4.05 – 9.4

--

J∞L (mol H
m2s-1

8-14 x 10-9

13-28

0.5-4.3

--

--

--

0.15-0.24

--

--

--

3.5-9.5
0.2
0.13

----

1.9-5.7

1.5-3.4

1.7-4

1.5-3.5

-5.2 x 10-10
-1.5-2.4 x
10-10
1.5-2.5 x
10-10

-26
-0.4-1.1
0.6-1.2

F - Ferrite, AF – Acicular Ferrite, B – Bainite, DP – Degenerated Pearlite, M/A – Martensite/Austenite, P – Pearlite, BF – Bainitic ferrite, GB –
Granular Bainite
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On the other hand, the results of the present study are comparable to those reported by Park et
al [1], although these authors used NACE solution for the entry side and the exit side was
coated with Pd. In this study however, 0.1 N NaOH + 10 g/L of Na2S.9H2O solution was
used and there was no Pd coating on the exit side. In the present study, diffusion coefficients
of 2.3-3 x 10-10 m2/s were calculated from breakthrough times for the first transient observed
for the standard X70 strip comprising a ferrite-pearlite structure. These results are slightly
lower than the values of 9.27-9.38 x 10-10 m2/s obtained by Park et al [1] for ferritedegenerated pearlite structures in X65 steel. The diffusion coefficient of 3.7 x 10-10 m2/s
obtained for the ferrite-bainitic ferrite structure (TBE) in this study are close to 4.05 x 10-10
m2/s reported by Park et al [1] for their A2 steel with a similar microstructure. The present
results are also comparable to the values reported by Koh et al [76] for pipeline steels having
ferrite-pearlite microstructures.
Although the diffusion coefficients are of the same order of magnitude, the values of
permeability and subsurface concentration of hydrogen observed in this study are significantly
lower that those reported by Park et al [1]. This is possibly related to the different solutions
used for on the entry side as well as the presence of Pd coating in the case of Park et al [1]
which oxidises all the hydrogen arriving at the exit side and gives rise to a higher permeation
flux.
5.4.2 Effect of grain size:
As shown in Table 2.4, grain boundaries are the most favoured trapping sites with the lowest
binding energies for hydrogen atoms among the entire microstructural features. Moreover,
Choo et al [77] showed that grain boundaries are the most effective sinks to occlude hydrogen
in the microstructure. Therefore, grain size and grain boundary fraction in the single phase
microstructure will be one of the significant parameters for the diffusion of hydrogen atoms in
steel.
As discussed in Section 2.7.8.1, Ichimura et al [53] suggested that there is a two-fold
influence of high angle boundaries on the diffusion process which should be considered
simultaneously. The grain boundary surface area per unit volume increases as the grains
become smaller and therefore the mobility of hydrogen atoms should increase with grain
refinement. However, a fine-grained microstructure also has a higher density of nodes and
triple junctions that act as potential traps for hydrogen atoms which results in a reduction in
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hydrogen mobility. As a result of these two contradictory effects, the hydrogen diffusion
coefficient will be a maximum for an optimum grain size and this effect of grain boundaries
on the hydrogen diffusivity is called the “grain boundary cross effect” [12]. The experimental
results in the present study are consistent with this model. As the grain size increases from 10
µm to 46 µm, diffusion becomes faster due to a reduction in the number density of nodes and
triple points and therefore the diffusion coefficient increases till it reaches 46 µm. A further
increase in grain size, from 46 µm to ~120 µm, results in a decrease in the diffusion
coefficient due to the reduction in grain boundary surface area per unit volume. Therefore, as
proposed by Ichimura et al [53] these two opposing factors give rise to a maximum in the plot
of diffusion coefficient against grain size.
Martinez et [78] observed a similar dependence of the amount of hydrogen occluded in pure
iron, that is, the diffusion coefficient initially increases with an increase in grain size and then
decreases after reaching a maximum value. They also found that the amount of hydrogen per
unit grain boundary area was independent of grain size above 76 µm and explained their
results on the basis of mismatch between the grains in small and large sized microstructures.
Brass et al [52]studied the influence of microstructure on the hydrogen permeation in nickel
and did not find any evidence of grain size effect on the permeation of recrystallized nickel
samples. However, they employed only two grain sizes (25 and 80 µm) in their investigation
which could have given diffusion coefficients on either side of the maximum.
5.4.3 Comparisons between the different samples studied
As indicated earlier, the diffusion coefficients of the different samples tested here were of the
same order of magnitude, with only some minor differences. However, if the first permeation
transients are plotted on the same graph together, clear differences in the permeation
behaviour of the samples are more noticeable (Figures 5.10). These differences are discussed
below.
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5.4.3.1 Comparison between Standard Mn strip edge and centreline
Figure 5.11(a) shows the first permeation transient of the SME and SMC samples. It is
apparent from this figure that not only is the breakthrough time longer in the edge samples,
but the transient is less steep, which implies that it contains a higher density of traps which
reduce the mobility of hydrogen. Therefore it takes a longer time to fill up all the traps and
consequently reach steady state.

Figure 5.11 (a) Comparison of the permeation transients of standard Mn strip
edge and centreline samples.
During continuous casting Mn has a strong tendency to segregate to the centreline region of
the slab, and can combine with S during the last stages of solidification giving rise to MnS
inclusions. These inclusions have been reported to act as moderate to strong trapping sites
which could trap hydrogen reversibly [57] or irreversibly [56] and thereby reduce the
diffusion of hydrogen. Consequently the centreline samples should exhibit a lower diffusion
coefficient. However, the samples that were used in the permeation studies did not appear to
show any pronounced segregation in terms of the presence of MnS inclusions. In view of the
above, the results obtained here cannot be explained on the basis of centreline segregation;
rather they can be rationalised on the microstructure of the samples. As seen in Figure 5.1 and
88

Table 5.1, both the edge and centreline samples of the standard Mn strip show non-uniform
microstructure with a bimodal distribution of grains. The edge sample has a larger number of
very fine grains and whereas the fraction of grains having a larger size is more in the
centreline samples. As shown in the previous section, for X70 steel, ferrite grain sizes smaller
than 46 µm could reduce the mobility of hydrogen by trapping at nodes and triple junctions.
Consequently, the large number of finer grains in the edge region could increase the trapping
of hydrogen and thereby give rise to a lower diffusion coefficient. In addition, it can be
expected that the edge region of the strip would contain a higher density of dislocations as
compared to the centreline region, because the faster cooling rate during processing of the
strip, would promote transformation to ferrite at lower temperature with an increase in
dislocation density. Since dislocations act as reversible traps for hydrogen, the combined
effect of a lower grain size and higher dislocation density of the edge region of the strip could
result in the lower diffusivity of hydrogen.
Some banding of ferrite-pearlite grains parallel to the rolling direction of the strip was also
observed in the centreline samples. This means that the banding was perpendicular to the
direction of hydrogen entry and movement. The effective diffusivities of hydrogen in such
specimen have been reported to be one order of magnitude lower than when hydrogen entry
was along the direction of banding. However, in this study the small amount of banding did
not appear to have any significant effect in decreasing the diffusion of hydrogen in the
centreline samples as compared to the non-banded edge samples.
5.4.3.2 Comparison between medium Mn strip edge and centreline
Comparison of the permeation transients of the two regions of the medium Mn strip
(Figure 5.11(b)) indicates that there is little difference in the form of the transients and
therefore their hydrogen diffusivity values are similar (Table 5.3). Examination of the
microstructures of the two regions revealed that the grain sizes were uniform and comparable,
with the edge region showing only a marginally lower average grain size. The similarity of
the grain sizes is consistent with the similarity of the permeation transients.
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Figure 5.11: (b) Comparison of the permeation transients of medium Mn strip
edge and centreline samples.
5.4.3.3 Comparison of the Standard Mn and medium Mn strip
The plot comparing the edge regions of the standard and medium Mn strips is shown in
Figure 5.11 (c). The break through time and lag time for the medium Mn edge are longer than
for the standard Mn edge, indicating that trapping is more effective in the medium Mn strip.
An examination of the microstructure of the edge regions of the two steels reveals that the
standard Mn strip has a larger number of grains having a finer grain size. As discussed earlier,
a finer grain size is expected to trap hydrogen and lower its mobility. In view of the above, the
SME samples should have shown a lower diffusivity, i.e., longer breakthrough and lag times.
However, the permeation results show the opposite.
Recent studies involving precipitate analysis of the two steels using scanning electron
microscopy [64] have shown that the medium Mn steels exhibit significantly larger number
density of precipitates and inclusions. Most of these precipitates were found to be complex
carbonitrides of Ti and Nb having an average diameter of 0.8 ± 0.8 µm. The higher Ti, C and
N contents of the medium Mn X70 steel was reported to result in a significantly larger
fraction of carbonitride precipitates. Fine precipitates of TiC, NbC or complex carbonitrides
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of Ti and Nb have been found to act as strong irreversible traps for hydrogen [56, 58-61].
Permeability studies in pipeline steels by Koh [76] have also shown that diffusivity of
hydrogen decreases as the amount/density of precipitates increases. Therefore, the lower
diffusivity of the medium Mn strip as compared to the standard Mn strip can be attributed to
the presence of these precipitates which trap hydrogen effectively and reduce its mobility.

Figure 5.11 (c) Comparison of the permeation transients of standard and medium
Mn strip edge samples.
The permeation transients of the centreline regions of the two steels also show a similar trend
(Figure 5.11(d)) with a slightly larger difference in the two strips compared to the edge
region. Again the lower diffusivity can be attributed to the presence of precipitates. In
addition, the mobility of hydrogen in MMC samples is further reduced by contribution to
trapping from its finer grains as compared to the SMC (Table 5.1) and therefore the transients
show a slightly greater difference.
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Figure 5.11: (d) Comparison of the permeation transients of standard and
medium Mn strip centreline samples.
5.4.3.4 Comparison between Standard Mn transfer bar edge and centreline
Figure 5.11(e) shows the permeation plots for the edge and centreline regions of the X70 TB.
This figure indicates that diffusion is faster in the centreline region of the TB than the edge
region. This effect can be attributed to the coarse granular bainite microstructure formed from
coarser prior austenite grains of TB centreline samples. In contrast, the edge region has a
mixture of finer bainitic ferrite laths and quasi-polygonal ferrite. In addition to the bainitic
ferrite grains being fine, and therefore trapping more hydrogen, these microstructures have a
high density of dislocations which can also trap hydrogen and reduce its mobility. Therefore,
the TBE samples exhibit a lower diffusivity compared to the TBC samples.
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Figure 5.10: (e) Comparison of the permeation transients of standrad Mn transfer
edge and centreline samples.
5.4.3.5 Comparison between Standard Mn TB edge and normalised TB edge
The transient for the NTBE is compared with the TB edge in Figure 5.11 (f). Not only is the
breakthrough time for the NTBE shorter, the transient is also significantly steeper than the
TBE sample so that the steady state is attained in a shorter time. These observations suggest
that the diffusion of hydrogen is very fast through the NTBE microstructure due to the
absence of features that can act as effectively traps for hydrogen. This is clearly a
consequence of the large equiaxed/polygonal ferrite grains of the normalised microstructure
as well as its very low dislocation density, both of which arise due to the normalising
treatment given to the transfer bar. On the other hand, the fine grains of the bainitic ferrite
structure of the TB edge, the smaller grains of the quasi-polygonal ferrite and the higher
dislocation density of the structure all combine together to effectively trap hydrogen and
reduce its mobility, giving rise to a longer breakthrough time and less steep permeation
transient.
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Figure 5.11: (f) Comparison of the permeation transients of transfer bar edge and
normalised transfer bar edge samples.
5.4.3.6 Comparison between Standard Mn TB edge and normalised TB edge
Comparison of the NTBE with the standard Mn strip (5.11(g)), both of which have the ferritepearlite microstructure, shows the maximum difference in the breakthrough time as well as
the time taken for attainment of steady state among all the samples studied. The NTBE
samples have coarse equiaxed grains with a very low dislocation density. On the other hand
the hot rolled strip has finer elongated grains and is expected to have significantly higher
dislocation density as mentioned earlier. Therefore, the finer grains and the larger density of
dislocations effectively trap hydrogen and significantly reduce its mobility as compared to the
normalised microstructure of the TB. As a result, the hot rolled strip edge samples require a
significant amount of time for the transport of hydrogen and consequently to attain steady
state.
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Figure 5.11 (g) Comparison of the permeation transients of standard Mn strip
edge and normalised transfer bar.
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6

CONCLUSIONS
6.1 Metal hydride synthesis
Electric discharge assisted mechanical milling (EDAMM) is a new method for the
synthesis of metal hydrides. This technique can synthesise the metal hydride very rapidly.
 Using this method, it has been shown that Zr reacted with hydrogen completely to
form the metal hydride, ZrH1.8, with a hydrogen content of about 1.24 wt %. This was
possible because the decomposition temperature of the zirconium hydride is pretty
similar to the temperature produced in the EDAMM process. Moreover, it was also
found that, all the electrical setting remaining the same, the larger vibration amplitude
of 0.7V was more favorable to form solid solution rather than metal hydride (ZrH12
sample), whereas a lower vibration amplitude (0.4V) resulted in the formation of
metal hydride, ZrH1.8 (Sample ZrH3).
 In the case of Vanadium, a new phase was present after spark milling process,
possibly a new hydride. However, due to the lack of traces software database, it was
not possible to confirm this. This new phase had a hydrogen content of about 0.23 wt
%.
 In milled samples of Fe, Ti, and Nb, it was found that hydrogen dissolved into the
metal lattice to form corresponding solid solutions. Their hydrogen contents were
0.23 wt%, 31 wt %, and 0.29 wt % respectively. It may be possible to synthesize the
metal hydride from these metals using the EDAMM technique but with careful
selection of parameters.
 There was no reaction of the metal samples of W, Al and Mg with the hydrogen in the
spark milling process. This is possibly due to the low decomposition temperatures of
aluminum hydride and magnesium hydride. Their decomposition temperatures are
approximately 150 °C and 327 °C respectively whereas the temperatures produced in
the spark milling process is about 800 °C. Since the decomposition temperatures are
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significantly lower, Al and Mg cannot form metal hydrides in this process. In the case
of W, the reason why it does not react with the hydrogen is still unknown.

6.2 Hydrogen Permeation in pipeline steels
 Grain boundaries play an important role in the permeation of hydrogen. As a result of
two opposing factors: reduced diffusion due trapping at nodes and triple points and
increased diffusion along grain boundaries, the diffusion coefficient shows a
maximum at a grain size of 46 µm.
 The medium Mn strip shows the least diffusivity due to the combined effect of a finer
grain size and trapping effect of (Ti,Nb)C,N precipitates and the normalised transfer
bar shows the highest diffusivity due to its large grains and very low dislocation
density.
 Similar grain sizes of the edge and centreline samples of MX70 strip result in their
exhibiting similar diffusivities, whereas X70 edge samples show lower diffusivities
than the centerline samples due to the combination of finer grain size and a higher
dislocation density.
 The dislocation free coarser ferrite pearlite structure of normalised TB edge exhibits a
significantly higher diffusivity than the X70 strip having similar microstructure as
well as the ferrite and bainitic ferrite structure of TBE samples.
 The fine structure of bainitic ferrite and associated high dislocation densities of TB
edge results in a lower diffusivity than the granular bainite formed from coarser prior
austenite grains of TB edge samples.
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7

FURTHER RESEARCH
 EDAMM process for hydride formation of Zr which has formed hydride and V has
shown promising results, but for Ti and Nb only solid solutions were observed.
Further research should be taken up by changing the parameter of milling for these
materials so as to obtain hydrides.
 The economic feasibility of EDAMM process is determined by its power
consumption. The power consumption of this method is a key factor which would
decide whether it can be used for mass production or not, because it can influence the
cost of production. Therefore, this factor can be as a research topic for further
research.
 As regards, the permeability studies the effect of cold work and heat affected zone
structures on the permeability and diffusivity of pipeline steels can be a subject for
further research.
 Another topic that could be looked into is the effect of Pd coating on the exit side on
the permeability of the structures and compositions studied here and compare the
results with those of this study where a Pd coating was not used.
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